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Faster, smoother cargo 
handling . . from the 
extra experience at AE 


With cargo loadings scheduled to the split second . . . 
with loading costs figured to the penny . . . with the 
urgent need to safély handle cargoes valued at hundreds of 
thousands of dollars . . . it is no time for ‘‘maybe”’ 

when cargo swings high overhead. That is why more 
cargo in more ports is trusted to AE-engineered winches. 
At AE, the extra years of experience automatically spell 
creative and realistic engineering for extra dependability . . . 
factors you need to keep you competitive today and 
tomorrow— get the touch of extra experience. 


Write for the new AE Marine Catalog M-60. 
AMERICAN ENGINEERING Co., Phila. 37, Pa. 
Dept. M-129. Phone: CUmberland 9-3800. 


COMPANY 


and Hydramite Fluid-Power 


AMERICAN ENGINEERING 


Steering Gears Windlasses Winches Capstans Hele-Shaw 
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Selecting alloys for rolled tube sheets and baffles 


Tube sheets and baffles are available from The American 
Brass Company in a wide variety of shapes, sizes and alloys 
to meet the problems of corrosion, pressure, and temperature 
encountered in condensers and heat exchangers. 

The following Anaconda alloys are those most widely used 
for tube sheets and baffle plates. 
Leaded Muntz Metal-274 has good strength, stiffness and 
elasticity. It machines well and is the most commonly used 
tube-sheet metal. Leaded Muntz Metal hot rolls easily and can 
be manufactured in very large sizes. Many of the other tube- 
sheet alloys are superior to Leaded Muntz Metal in corrosion 
resistance and are used in preference to it for that reason. 
However, tube sheets are necessarily so thick that a long time 
elapses before they are affected by corrosion to the extent that 
their strength or usefulness is impaired. 
Naval Brass-450 is an alloy of the same general type as Leaded 
Muntz Metal but includes approximately 0.75% tin in its 
composition. The tin content increases the alloy’s resistance to 
corrosion, and makes it preferable to Leaded Muntz Metal, 
especially at higher than normal working temperatures. 
Arsenical Admiralty-439 is resistant to dezincification corro- 
sion and can be used where its higher resistance to corrosion 
is required, especially in process equipment. 
Ambraloy-917 is available for use where strength and corrosion 
resistance superior to Naval Brass and Admiralty Metal are 
desired, as in oil-cooler tube sheets. 
Cupro Nickel, 10%-755 and Cupro Nickel, 30%-702 are used 
extensively with tubes of similar composition in marine con- 


densers and in process heat exchange equipment. 

Baffle and Support Plates for use in oil refinery equipment are 
most often of Leaded Muntz Metal and Yellow Brass. For 
more severe applications Admiralty, Naval Brass, Cupro 
Nickel, Copper, or Everdur® are often used. 

Rolled Plates Superior. Anaconda sheets, plates, and circles are 
produced by the rolling process. They are commercially flat, 
accurate in dimensions, and free from the surface imperfections 
and porosity often prevalent in cast plates. 

Standard Sizes. The American Brass Company makes plates 
for condenser tube sheets of copper and several copper alloys 
in rectangular sizes up to 156 inches in width and weights up to 
15,000 pounds for any shape that can be cut from such sheet. 
The maximum standard limits for circles are 160 inches in 
diameter and 11,000 pounds in weight. Half circles can be 
produced up to 13,000 pounds in weight. 

Special jobs. When specifications call for extremely large plates 
or special alloys for special applications, The American Brass 
Company will cooperate in the solution of such problems. For 
further information on Anaconda Condenser Tubes or Tube 
Sheets write: The American Brass Co., Waterbury 20, Conn. 


ANACONDA 


Tubes & Plates for Condensers & Heat Exchangers 
made by The American Brass Company 


CUTLESS BEARINGS 


Stern Tubes and Struts 


Soft rubber bearing surface—efficiently lubricated by water—this bearing far outlasts all hard surface types, protects 
propeller shafts, reduces vibration. More than pays for itself in extra wear alone. Saves you time, trouble, and upkeep 


LUCIAN Q. MOFFITT, INC. 


Akron, Ohio 


expense. 
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| | BUFFALO PUMPS-RELIABILITY FOR MARINE SERVICE 


Where reliability, ease of servicing, low maintenance requirements and high efficiencies are 
important factors governing your selection of marine pumps, specify and install “Buffalo” 
for complete satisfaction. Buffalo Pumps have proven their ability on thousands of marine 
installations on tankers, submarines, passenger liners and naval craft. Here are brief details 
on three widely used “Buffalo” models. 


“BUFFALO’ VERTICAL DOUBLE 
SUCTION PUMPS 


These “Buffalo” pumps are widely used for clear 
water handling. Their compact design saves valuable 
space. Vertically split pump casing affords easy 
access. Detaching one side of casing permits inspec- 
tion of impeller and removal of complete rotor 
assembly. Casing has easily renewable bronze wear- 
ing rings. Available in capacities to 14,000 GPM. 


“BUFFALO” CLOSE-COUPLED SINGLE SUCTION PUMPS 


For “close quarters” installations, particularly where headroom may 
be a problem, the “Buffalo” Close-Coupled Pump has proven effec- 
tive. Offered in six models, almost unlimited applications are 
possible. Pump is rigidly attached to motor with easy access to 
stuffing box for adjustment. Pump shaft is extended motor shaft, 
designed for minimum deflection, maximum strength. Wide inter- 
changeability of parts reduces spare parts inventory. Capacities to 
1100 GPM. Bulletin 975-F. 


“BUFFALO” SINGLE SUCTION MULTISTAGE PUMPS 


Designed for smooth, vibrationless operation, the “Buffalo” Multistage Pump 
is welcomed aboard ships where quiet performance is especially desirable. Available 
in two and four stage models in several sizes. May be used on clear water, hot or cold at 
pressures up to 1500 ft. head and at capacities from 20 GPM to 900 GPM. Typical “Buffalo” “Q” 

Factor Quality construction is used throughout as in all Buffalo Pumps. Bulletin 980 for details. 


BUFFALO PUMPS 


Division of Buffalo Forge Co. 
535 Broadway, Buffalo, N. Y. 


Canada Pumps, Ltd., Kitchener, Ont. 
Marine Department, 711 Woodward Bldg., Washington 5, D.C. 


Ca 


A BETTER CENTRIFUGAL PUMP FOR EVERY LIQUID 
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Certainly marine boiler practice doesn’t go as far as “white 
glove inspection”—but there is one boiler design that 
would stand a much better chance to get by than others. 
The firesides of some boilers are so designed that substan- 
tial collection of slag and soot is unavoidable. In those 
cases—especially where boiler access is limited and super- 
heater space is cramped—you have a grueling and expen- 
sive job to do at frequent intervals. 

But what a difference with a C-E VERTICAL SUPERHEATER 
BOILER! This unit almost permits “white glove inspection.” 
Here’s why: 


MINIMUM SLAG ACCUMULATION — even when “dis- 
tress” fuels are being burned. Vertical, parallel tube 
arrangement eliminates horizontal, slag-collecting 
surfaces, provides clear paths for effective soot blow- 
ing. Design steam temperatures and efficiencies are 
maintained. Far fewer cleanings are necessary. 


NO SUPPORT REPLACEMENT —with superheater ele- 
ments supported from below—by the headers—bulky, 
costly alloy supports in the high temperature zone 
are eliminated. 


EASY ACCESS—ample space within the superheater eed 


assures easy access for inspection and the occasional ¢ oO M U Ss T | 


cleaning that may be required. 


IMPROVED CASING DESIGN—fewer casing joints ENGINEERING 


are required. With this simplified design, soot and 
gas leakage are minimized. 


Combustion Engineering Building 
Obviously, this all adds up to a big improvement in . 
design with outstanding advantages that result in top 200 Avenue, Mow 16, Y. 
operating performance and minimum maintenance. CANADA: Combustion Engineering-Superheater Ltd. 


ALL TYPES OF STEAM GENERATING, FUEL BURNING AND RELATED EQUIPMENT; NUCLEAR REACTORS; PAPER MILL EQUIPMENT; PULVERIZERS; FLASH DRYING SYSTEMS; PRESSURE VESSELS; SOIL PIPE 
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‘a a Makers of Quality Valves Since 1888 


VALVES 

VALVES 

VALVES 


| for marine, industrial and 
produced in 


lrone Steele BronzeeAluminum 
Stainless Steel ¢ Special Alloys 


DARLING VALVE & MANUFACTURING CO. Williamsport, Pa. 
Represented by 


FREILE ASSOCIATES 


Bowen Building 815 15th St., N.W. 
Washington, D.C. 
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Unique revolving disc feature : 
assures maximum life un 
most exacting service condi: 
tions. Friction between wed 4 
reduced to a minimum. Hori. 
zontal and vertical equalizati 
wedging pressure is assured! 


375 million / 
cups of coffee 
every day! 


Americans are the world’s biggest coffee drinkers—annually 
consuming 57% of the world’s supply of coffee beans. 
Nearly half of this $1.4 billion cargo comes to us in Amer- 
ican flagships. 

It’s easy to see how a strong Merchant Marine strengthens 
America’s round-the-world supply lines... for our economic 
health and national defense. Without ships—many more 
ships—to “shop” for us in world markets, America’s vital 
supply lines could be seriously threatened. Let’s keep our 
Merchant Marine—and America—growing! 


Since 1875, The Babcock & Wilcox Company bas dedicated itself to a 
tradition of excellence in marine boiler design and construction. 


THE BABCOCK & WILCOX COMPANY 
BOILER DIVISION 
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PICTURE OF A PROFIT-MAKING “PROP” 


You have to get a wiggle on to make money in 
these competitive times. The “wiggle” that spells 
lower operating costs for more and more new 
ships is the instant pitch adjustment of their 
KaMeWa controllable pitch propellers. 

By varying propeller pitch to suit varying load 
and working conditions, by operating engines at 
maximum efficiency and without damaging over- 
loads, by maneuvering with time-saving speed and 
precision and by making faster average speeds 


KAMEWAaA 


underway, these ships are cutting ton-mile costs. 

The advantages of KaMeWa controllable pitch 
propellers have been proved out in more than 400 
world-wide installations ranging from harbor and 
inland waterway craft to deep water vessels. We 
have facts to prove that KaMeWa improves oper- 
ating performance, cuts costs. Write for them. 
Address Dept. ME, Bird-Johnson Company, South 
Walpole, Massachusetts. 


Controllable Pitch 


PROPELLERS 


Sales Office: 
In Canada: 
Pacific Coast: 


21 West St., New York 6, New York 
A. Johnson & Co., Ltd., 607 Shell Tower Bidg., Montreal 2 
H. J. Wickert & Co., Inc., 770 Folsom St., San Francisco 
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The U.S.S. DEWEY — first guided missile ship 
designed and built as such from the keel up — was delivered on 
December 2, 1959, 10 months ahead of the contract delivery date. 
Contracted for long after her sister ships now under construction 
in other yards, she is, however, the first to be completed. The 


DEWEY, 512 feet long, carries a twin Terrier missile launching 
system, 3” — 50 and 5” — 54 automatic guns, torpedo tubes, 
ASROC, and the latest submarine and aircraft detection devices. 


BATH IRON WORKS 


Shipbuilders & Engineers 
Bath, Maine 
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Neptune, the mythological ruler of the deep, 
had all the waters of the earth as his domain. 
Triton, his son, was assigned the vital task of 
communicating his father’s commands to sub- 
ordinates in all parts of the ocean. 


The U. S. Navy has need of a counterpart for 
Triton. RCA is now assisting in this role through 
development of a communication link to our 


new nuclear powered Polaris-carrying subma- 
rines, anywhere on the seven seas. 


RCA, in addition to its Polaris developments, 
is also working on many new Undersea Warfare 
systems such as detection, classification and 
destruction of enemy submarines as well as 
coordination of our friendly air, surface, and 
subsurface effort. 


RADIO CORPORATION of AMERICA 


DEFENSE ELECTRONIC PRODUCTS 
CAMDEN, NEW JERSEY 
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Threading the needle 
with POLARIS missile 
using Westinghouse 
Load-0-Matic controls 


Easing POLARIS missiles from a tender into the launching silo of an atomic 
submarine takes a handling system that combines ruggedness with extreme 
maneuverability and safe, sure, precision control—control so sensitive that 
the POLARIS seems to float in the air as it swings smoothly and gently into 
position in the submarine. 

Westinghouse Load-O-Matic* crane control system was selected by 
Skagit Steel and Iron Works! for this exacting and delicate handling opera- 
tion because of its unerring vernier precision performance. The combination 
of hoist, bridge and trolley controls operating with almost microscopic ac- 
curacy nullifies the pendulum-like swaying of the load. These positive, step- 
less speed controls provide movements at less than one foot per minute, yet 
will accelerate smoothly up to two feet per second. 


The exclusive Westinghouse features which permit such precision also 
provide maximum reliability and minimum maintenance. Static controllers, 
saturable reactors and magnetic amplifiers provide stepless control and 
eliminate moving parts, mechanical relays and switches which corrode, wear 
out and require frequent maintenance. The marine-insulated a-c wound 
rotor motor adds additional reliability and- further reduces maintenance. 


Whatever your requirements for cargo handling or other shipboard 
equipment such as main propulsion turbines and gears, condensers, turbine- 
generators, hull ventilation, transformers, panelboards, switchgear, motors 
and controls—in fact, for over 70% of all steam and electrical equipment— 
take advantage of the reliability, long life and maintenance-free qualities 
built into all Westinghouse equipment. Contact your Westinghouse sales 
engineer, or write: Westinghouse Electric Corporation, 3 Gateway Center, 
P. O. Box 868, Pittsburgh 30, Pennsylvania. 


you CAN BE SURE...1F Westi nghouse 


WATCH “WESTINGHOUSE LUCILLE BALL-DES! ARNAZ SHOWS” CBS TV ALTERNATE FRIDAYS 


*Trade-Mark 
1Located at Sedro Wooley, Washington. 
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FIRST 
NUCLEAR- 
POWERED 
SURFACE 
WARSHIP 


* 


This is the U. S. Navy’s first nuclear-powered surface 
warship, the guided-missile cruiser USS Long Beach, in the 
outfitting basin at Bethlehem Steel’s Quincy, Mass., ship- 
yard. Constructed in the adjacent building basin, her hull is 
being transformed from a structure of steel plates, shapes, 
frames, forgings, and pipes into the mightiest fighting ship of 
her class. 

Powered by two pressurized water reactors, the Long 
Beach will have virtually unlimited high-speed cruising 
radius. Armed with Talos and Terrier missiles, she will pack 
a wallop beyond that of any vessel of her size. Rated at 
14,000 tons, she has an over-all length of 721 feet and a 
beam of 73 feet. 

Also under construction at this Bethlehem yard, is 
another nuclear-powered surface ship for the U. S. Navy. 
She is the Bainbridge, first nuclear-powered, guided-missile 
frigate. 


BETHLEHEM STEEL 
Shipbuilding Division 


GENERAL OFFICES: BROADWAY, NEW YORK 4, N.Y. 
Telephone: Digby 4-3300 Cable address: BETHSHIP 
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Three specially designed barges, 
making up this tow, can carry as 
many as eight different high- 


soda, solidify or become viscous 
en route — require heat to liquefy 
them for easy unloading. 

The tow’s designers, builders 
and operators all realized that a 
practical, economical heating 
coil material was needed — a 
metal to solve the problems of 
corrosion, purity and heat trans- 
fer. They specified Nickel. Here’s 
why: 

1. Nickel has almost complete re- 
sistance to corrosion by alkalies. 


2. Nickel gives better heat trans- 
fer rates than most other corro- 
sion-resisting materials, And 


A section of one of the largest integrated tows designed 
exclusively for carrying chemicals from the Gulf Coast 
to Midwest marketing. areas. Nickel coils (small photo 
below) provide all seopertion needed for long-term, 


Trouble-Free Nickel Coils 
Heat Corrosive Cargoes 


purity chemicals at a time! Some . 
products, like corrosive caustic © 


there’s no heat-robbing scale to 
form. 


3: Thanks to Nickel’s strength 
‘at high temperatures, coils of 


thinner, faster heating gauges 
can be used. 


4. Product contamination and 
discoloration are minimized. 
Cleaning is easier — requires less 
time to prepare for filling. 


5. The excellent results of long 
periods of handling corrosive 
chemicals show that, with nickel 
coils, this tow is set for years 
and years of trouble-free cargo 
heating. 


Could nickel tubing or nickel al- 
loys provide the answer to cor- 
rosion and heat transfer prob- 
lems in your marine applica- 


trouble-free, cargo heating. Barges were built for Na- 
tional Marine Service, Inc., New York by Southern 
Shipbuilding Corp., Slidell, Louisiana, and are under 
contract to Jefferson Chemical Company, Houston, Texas. 


tions? Let us send you more 
complete information on the out- 
standing properties of Nickel. 
Write us for a copy of “Engineer- 
ing Properties of Nickel.” 


HUNTINGTON ALLOY PRODUCTS DIVISION 
The International Nickel Company, Inc. 
67 Wall Street New York 5, N. Y. 


NICKEL 
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Materials for 


MARINE SERVICE 


Incombustible Joiner Materials Acoustica Materials 
stos Ebony for Switch and Panel Boards + Structural Insulations— 


Boiler and Engine Room Insulations « Packings Gaskets 


Johns-Manville 
Box 290, New York 16, N.° 


H. NEWTON WHITTELSEY 
Inc. 


NAVAL ARCHITECTS MARINE ENGINEERS 


The ocean depths... 17 BATTERY PLACE, NEW YORK 4, N. Y. 


an area 
of prime strategic significance 
..an area of critical interest Whitehall 3-6280 Cable: WHITSHIP 


to Stromberg-Carlson. 


Quiet, swift and deep-running, 
nuclear-powered submarines 
demand new performance 
from undersea warfare devices. 


Equipment is urgently needed 
for improved underwater 
detection, classification 

and localization. 


Stromberg-Carlson GIBBS & COX > INC. 


research programs will result 
in new undersea warfare 
electronic systems. 


Unequalled tank-test NAVAL ARCHITECTS 


facilities and 
automatic test 

instrumentation AND 
enable Stromberg- 4 

Carlson to conduct oe MARINE ENGINEERS 
the exhaustive tests 

required to develop j 
the complex ASW a 

equipment of NEW YORK 
the future. 


Brochure on request. 
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Abs 
Kingsbury Machine Works, Inc. nipse@y Frankford, Philadelphia 24, Pa. 


Terry 
turbines 


Dependable, compact, efficient...Terry marine turbines are 
specially designe for driving generators, boiler-feed pumps, 
fuel-oil pumps, compressors, etc., aboard ship. They are the 
result of over fifty ears of experience in designing equipment 
for commercial me naval vessels. 

Turbines ranging from 5 to 3000 hp are built in the bt 
solid-wheel design as well as in axial-flow, single-stage an 
multi-stage types. 

Complete details of turbines for any application will be 
gladly furnished. 


THE TERRY STEAM TURBINE CO. 
TERRY SQUARE, HARTFORD 1, CONN. 


upper casing removed. 
pp g TT-1211 


NAVAL ARCHITECTS 
MARINE ENGINEERS 


M. ROSENBLATT & SON, Inc. 


NEW YORK CITY SAN FRANCISCO 
360 BROADWAY 216 MARKET ST. 
BEekman 3-7430 EXbrook 7-3596 
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C.H. Wheeler Condensers, 
main and auxiliary, 
occupy little room, weigh 
comparatively little, have 
Center Lane Tube Layout 
to speed longitudinal steam 
travel and permit quick 
penetration of steam to 
bottom row of tubes. 


Tubejet,, Kjectors, Steering Gears 


C.H. Wheeler Tubejet ® Electro-Hydraulic Steering 

Ejectors answer problems gears are available in a 

raised by today’s high complete range of sizes 

boiler pressures and for every type vessel, 

temperatures. They remove from tug boats to 

large quantities of vapors supercarriers. 

at high vacuums. Light, C.H. Wheeler also makes 

compact, dependable, too! automatic, self-centering, 
fal, 4 and 


rotary telemotors. 


and Telemotors— 


C.H. Wheeler Deck 
Machinery includes 
Electric and Hydraulic 
Winches, Electric 
Hydraulic Windlasses, 
Electric Warping 
Capstans, Boat and 


Aircraft Cranes, 


Hoists and Elevators. 


High-Capacity Corrosion-Proof Fire Pumps; 


for 


Corrosion-Proof Fire 
Pumps designed and manu- 
factured by C.H. Wheeler 
provide maximum gpm 

at medium and high 
heads; offer dependable, 
low-maintenance 
performance and take 
little space in the hold. 


Se but the hull, see: 


nearly everything i | 


Marine Division 


C. H. WHEELER MFG. CO, 


Whenever you see the name C. H. Wheeler on a product, you know it’s a quality product 
Marine Condensers, Ejectors, Pumps and Auxiliary Machinery » Steam Condensers » Steam Jet Vacuum Equipment + Centrifugal, Axial and Mixed Flow Pumps + Nuclear System Components 
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Now available 
around the world 


TEXACO BUNKERING SERVICE 


Newly expanded bunkering service, on a world-wide basis, 
now enables Texaco to serve your vessels even better. 

There is a complete line of Texaco Marine Products—lubri- 
cants, fuels and protective coatings for all types of vessels. 
These, combined with famous Texaco engineering and 
delivery service, are potent factors in assuring dependable, 
efficient, low cost operation. Texaco Inc., Marine Sales and 
Bunkering Services Division, 135 East 42nd Street, New 
York 17, New York. 


QUALITY AND SERVICE AROUND THE 
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M Mechanical drawing class of Ap- 
prentice School students at New- 
port News. Those who excel 
advance to the technical drafting 
departments. 


te Shop training scene which shows 
an apprentice shaping a small die 
on a shaper, indicates how stu- 
dents are thoroughly trained. 


How Skills are born... 
at Newport News 


Newport News utilizes the skills of almost every known trade... 


And for the past three and a half decades, this Company’s 
Apprentice School has furnished substantial numbers of the trained 
leaders and skilled craftsmen who make outstanding ships 
the tradition of Newport News. 


This school’s faculty ... including experts for both shop practice 
and academic subjects . .. provides instruction equivalent to a 
Junior College education during four and five year courses. 


Graduates numbering some 2200 skilled workers in 20 separate 
crafts comprise one more reason why quality identifies 
everything produced at Newport News. 


. | Newport News 


Shipbuilding and Dry Dock Company - Newport News, Virginia 
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LESLIE FOR CONTROLS 


Out here, if a control valve or regulator fails there’s no place 
to go for repair facilities or replacement parts. Delay can mean 
late arrival, cargo spoilage and. loss of profit. Shipowners, 
operators and builders are aware of this hazard. That’s why 95% 
of America’s merchant and naval vessels are Leslie-equipped. 

This overwhelming preference for Leslie is based on sound 
reasons. Leslie reliability means trouble-free service, maximum 
resistance to corrosion and wear, and lower overall operating 
cost. Leslie quality is based on nearly 60 years of experience in 
designing and producing equipment for the marine industry. 

Leslie products include reducing valves for steam, air and 
water services; temperature regulators for steam and water 


ENGINEERED FOR MARINE SERVICE 


Diaphragm 
control valves 


Control pilots for pressure, 
temperature and level 


Pressure 


reducing valves regulators 


systems; pump pressure regulators for steam driven pumps 
and turbines; pilot mechanisms and diaphragm control valves 
for liquid level and pressure and temperature control; and 
Leslie-Tyfon steam and air whistles. Write for complete 
engineering and application data. 


REGULATORS and CONTROLLERS 


Leslie Co., 413 Grant Ave., Lyndhurst, New Jersey 


Temperature 


Pump pressure regulators, 
Differential pressure regulators 


Strainers Steam and air whistles, 


automatic whistle controls 
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‘THE 1960 ANNUAL BANQUET 
of 
The American Society of 
Naval Engineers 


nill be held at 


HOTEL STATLER-HILTON 


WASHINGTON, D. C. 
on | 


Friday, 29 April, 1960 


Notices with application forms soon will be mailed to all members. 
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SECRETARY’S NOTES 


Joint Council Meeting 


Following a custom of several years standing the 
1959 and 1960 Councils assembled in a joint meeting 
on Monday, 4 January 1960. The photograph on 
page 4 was taken of those in attendance. The pur- 
pose of this meeting was to welcome and induct the 
new President and Council members who were re- 
cently elected and to tender the Society’s apprecia- 
tion to those who had completed their tours of serv- 


ice. The meeting was opened by the 1959 President, 
Rear Admiral William A. Dolan, Jr., U.S. Navy and 
then, by him, turned over to the incoming President 
for 1960, Rear Admiral Robert E. Cronin, USS. 
Navy. Admiral Dolan presented a certificate of Elec- 
tion to Admiral Cronin, who in turn presented a 
certificate of Honorary Membership to Admiral 
Dolan. 

Essential business was conducted. This is reported 
under the headings which follow: 
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SECRETARY’S NOTES 
Annual Elections Income 
Mr. David B. McAuley, who again acted as Chair- Dues 
man of the Ballot Counting Committee, presented Regular 33,000.00 
the results of the tally. Junior 100.00 
The Council accepted this report and declared (Net) 12,000.00 
the constitution of the Council for 1960 to be: Sales (Net) 300.00 
President: Rear Admiral Robert E. Cronin, USN Subscriptions (Net) 
Members: ee R. S. Burpo, USNR, con- Interest on Investments ......... 1,850.00 
tinuing 67,409.19 
Mr. Gilbert S. Frankel, continuing , 
Mr. Harold H. Hill as successor to Mr. ————— 
Hugh E. Carleton 36,000.00 
Captain Frank C. Jones, USN, as suc- Salaries 17,000.00 
cessor to Captain Jamie Adair, USN Retirement ........ 3,300.00 
Commander Ralph S. Lorimer, as suc- Awards ............ 450,00 
cessor to LCDR Donald E. Redmon, Rent 3,100.00 
USNR Social Security ..... 475.00 
Rear Admiral M. J. Lawrence, USN, as General Expense --+ 5,500.00 
successor to Captain Ivan Monk, USN Depreciation ....... 365.23 66,190.23 
Captain Thomas W. Rogers, USN, con- Anticipated Net Profit ...... 1,218.96 


tinuing 
Rear Admiral E. H. Thiele, USCG, to 
succeed himself 
Secretary-Treasurer: Captain J. E. Hamilton, USN, 
Retired, to succeed himself 


The result of the balloting on proposed changes 
to the By-Laws was reported as follows: 
Amendment number one: To change the 
position of Secretary-Treasurer from Mem- 
ber-elected to Council-Appointed: 

For 1133 Against 70 
Amendment number two: To substitute the 
Chief of The Bureau of Naval Weapons for 
the Chiefs of Bureaus of Ordnance and 
Aeronautics as ex-officia Honorary Mem- 
bers of the Society 

For 1217 Against 30 

The Council directed that these changes be made 
in the By-Laws. 


1959 Financial Statement 


The Secretary-Treasurer announced that the ac- 
counts for 1959 were ready for audit. A net gain for 
the year of $9,906.86 is indicated. 

The President appointed the following members 
as an auditing committee: 

Mr. Gilbert S. Frankel, Chairman 
Captain John J. Fee, USN and 
LCDR Donald E. Redmon, USNR as members 

The audit was conducted subsequently and the 

report of the Committee will be found on pag2 193. 


1960 Budget 


The Secretary-Treasurer presented a proposed 
budget for 1960 as follows: 


The Council approved this budget for operations 
until a later Council meeting could go into it in 
greater detail. The 1960 budget indicates a much 
more conservative gain than was experienced in the 
past year. Expenditures are held at about the 1959 
level but several elements of income will not be re- 
peated. Present indications are that normal revenues 
from. dues, advertising and subscriptions will not 
hold to the 1959 level. If the general economic pic- 
ture of the country materializes with extreme pros- 
perity as forecast for 1960, the budget may prove 
to be too far on the conservative side. However, it 
will control expenditures and if income is better 
than predicted, the Society will attain its goal of a 
$100,000 reserve and capital fund that much sooner. 


Encouraging Young Naval Engineers 

Discussion at this meeting indicated that there is 
a very strong feeling in the 1960 Council, that the 
Society should become active in the encouragement 
of young engineers to follow the profession of naval 
engineering. Concern was expressed because of the 
gradual disappearance in the Navy of the broad 
“machinery” type of engineer which constituted 
founders of the American Society of Naval Engi- 
neers and kept it going for many years. It is also 
apparent that these young engineers do not express 
their professional interest by affiliating with the So- 
ciety in spite of the fact that the Society was de- 
signed and attempts to operate for their professional 
benefit. 


It can be expected that Council efforts during the 
year will be directed toward improving this situa- 
tion. 
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Other Items 


Cooper Union Centennial 


On 2 November 1959 the Cooper Union in New 
York celebrated its 100th anniversary. The Society 
was invited to participate. We were represented at 
the various events which marked the full day’s pro- 
gram by two past-Council Members, both of whom 
are now on duty in New York: Rear Admiral 
Schuyler Pyne, USN and Captain J. A. Brown, USN. 

We consider it a signal honor for the Society to 
be invited to the centennial of an outstanding edu- 
cational institution. Cooper Union in its first one 
hundred years has certainly justified the ideal to 
which Peter Cooper was dedicated when he opened 
the Union fer Advancement of Science and Art. 
This Society must live another long generation be- 
fore it can look back over 100 years to see how well 
it has done in carrying out the purpose of its foun- 
ders for Advancement of Naval Engineering. Al- 
though many technical Societies in other countries 
outdo us in longevity, only six in the United States 
can claim that distinction and thus only these six 
can beat us to the 100 mark. 


Annual Banquet 

Admiral Cronin has received the acceptance of an 
invitation to Mr. Roger W. Jones, Chairman, United 
States Civil Service Commission, to be the principal 
speaker at the Annual Banquet this year. The So- 
ciety is fortunate to obtain Mr. Jones. He took office 
as Chairman of the United States Civil Service 
Commission on March 9, 1959. The President nom- 
inated him on January 17, 1959, to fill the vacancy 
created by the resignation of Harris Ellsworth, 
effective February 28, 1959. A long-time career civil 
servant, he joined the Bureau of the Budget in 1939, 


and served with it until his appointment to the 6- 
year term as CSC Chairman. He moved into his 
new position from the post of Deputy Director of 
the Bureau of the Budget, to which he had been ap- 
pointed on September 11, 1958. 

Prior to that, he served as Assistant Director for 
Legislative Reference, Bureau of the Budget. under 
two Presidents, from February 1949 to March 1958. 

In 1958 Mr. Jones was one of the first five recipi- 
ents of the “President’s Award for Distinguished 
Federal Civilian Service.” He was also one of the 
first ten persons to receive the National Civil Serv- 
ice League’s “Career Service Award” in 1955. 

His military experience includes duty in 1942 
with the Combined Chiefs of Staff, Munitions As- 
signments Board. He was promoted to major in May 
of that year, to lieutenant colonel in March 1943, 
and to colonel in May 1945. He was released to in- 
active duty in December 1945. He was awarded the 
Legion of Merit and the Order of the British Empire. 

Other plans for the banquet are proceeding on 
schedule. Final details on the banquet applications 
are nearing completion and notices with the appli- 
cation forms will reach all members within a few 
days. Arrangements will be generally similar to 
those in 1959. 


Miscellaneous 

The Defense Advisory Committee on Women in 
the Services (DACOWITS) has published a book- 
let outlining career opportunities for women in the 
U. S. Armed Forces. Career fields, specialties, pro- 
motion opportunities, training, education, benefits 
and eligibility are discussed. Copies of the booklet 
may be obtained from DACOWITS, Office of the 
Assistant Secretary of Defense, (MP&R), The Pen- 
tagon, Washington 25, D. C. 


Summary or 1960 PRoGRAM 


Type No. Construction Yard Remarks 

LPD New York Naval Shipyard 

DDG 3 To Be Awarded Guided Missile Destroyer 

SSN 2 To Be Awarded Nuclear Powered Attack Submarine 
PCH | To Be Awarded wae 
AG New York Naval Shipyard 
AVB | Charleston Naval Shipyard Conversion of Steam Driven LST 
AG Yo Be Anianded Conversion of Victory Ship To 
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1 1958. THE ASNE AWARD 
cei The ASNE AWARD was initiated in 1957 and inaugurated in 1958. The 
the first award was made at the 1959 Banquet to Mr. Valor C. Smith of the Navy 
; Electronics Laboratory for his outstanding contribution in the field of radio 
4 antenna design. All phases of this award have been discussed in the JouRNAL 
1 1942 for well over a year. It is our purpose to make this award broadly known and 
ns AD recognized as one to be most coveted. 
in May With 1959 behind us and its engineering achievements a matter of record 
1 1943, we are seeking information to permit selection of the most outstanding con- 
to ta tribution to Naval Engineering by any American citizen during the year. 
toll the We are assured that there has been no slowing in the pace of technical ad- 
‘mpire. vancement during 1959 and that much of this has taken place in Naval Engi- 
ing on neering which we define as follows: 
cations NAVAL ENGINEERING is the art and science applied in the design, 
_ appli- construction, operation and maintenance of naval ships and their installed 
a few equipment. 
ilar to The A.S.N.E. Award will be made to the American citizen who made the 
most outstanding contribution in the field of Naval Engineering during 1959 
and whose accomplishment is known to the Awards Committee and to the 
; Council. We have accented the critical element. 
men in We are writing letters to a large number of officers and officials whose offi- . 
book- cial positions put them where they can observe large segments of the field and 
in the we feel that few of them can have failed to note at least one performance 
-S, pro- which he considers to be outstanding. We are asking each of these to report 
enefits this performance whether it be an idea, an invention, a concept, a writing or a 
booklet physical deed. 
of the By these letters we expect to cover a wide field and we hope that the re- 
.e Pen- sponse will reflect a full appreciation of what the Society intends its award 
to be. 
But that kind of coverage cannot be complete. We are calling on 3400 mem- 
bers of the Society, to each of whom this notice is personally addressed, to 
report in the form of a citation any truly outstanding contribution which has 
come to his attention. 
We know that many momentous things are being done. We hope that the ; 
ck most valuable of these will be cited to the Council so that the Awards Com- 
| mittee will be very hard pressed to make the one outstanding selection. 
Please address your citations to 
The Secretary-Treasurer (ASNE Award) | 
American Society of Naval Engineers ' 
| Suite 403, 1012 14th Street, N.W. 
Washington 5, D.C. 
so that it reaches us not later than 15 March 1960. The citation must be thor- 
ip ough enough so that the Committee can make a proper judgement on it. 
The success of the ASNE Award will depend to a very great degree on the 
oil) response by the Membership to this appeal. 
» To 
n LST 
p To 
‘on Ship 
2lease 
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Launching of 
the Robert E. Lee 


(SSB(N)601) 


On 18 December 1959, the first nuclear pow- 
ered ship to be launched in the South slid 
into her designed element at the plant of the 
Newport News Shipbuilding and Drydock 
Company, Newport News, Va. 


The Robert E. Lee is the fourth unit of the new Polaris 
system to take the water. She is similar in design to her 
sisters previously launched at Groton, Conn. and Mare 
Island, Calif. Her length is 380 feet; her displacement 
5,400 tons on the surface and 6,700 tons submerged. 


Building time on the ways: 480 days. Contract awarded: 
30 July 1958. Keel laid: 25 August 1958. Launched: 18 
December 1959. The launching ceremony was attended 
by three generations of descendants of General Robert E. 
Lee: his granddaughter, Mrs. Hanson E. Ely, Jr., as Spon- 
sor, his great granddaughter, Mrs. Frederick A. Zimmer, 
Jr., as Matron of Honor and his great-great granddaugh- 
ter, Susan Zimmer. 
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COMMANDER E. E. KINTNER, U. S. NAVY 


THE FIRST DAYS OF MARK I 


THE AUTHOR 

graduated from the U. S. Naval Academy in the Class of 1942. He spent two 
years in the Pacific area on the U.S.S. Trenton (CL11) and in 1944 reported 
to the Massachusetts Institute of Technology. Here in 1946 he was granted the 
degree of Master of Science in Naval Architecture and Marine Engineering. 
After three years of duty at the Portsmouth Naval Shipyard in connection 
with the construction and conversion of submarines, he returned to M.I.T. 
In 1950 he received the degree of Master of Science in Nuclear Physics. For 
the following 5 years he headed the Advanced Design Group of the Naval 
Reactors Branch of the Atomic Energy Commission and the Bureau of Ships, 
Navy Department. Since 1955 Commander Kintner has been Nuclear Power 
Superintendent at the Mare Island Naval Shipyard where a number of nu- 
clear powered submarines have been and are being built. 


A USEFUL quantity of controlled nuclear power 
was first produced in the land based prototype for a 
U. S. Navy vessel. On May 3ist, 1953, in the desert 
of the Snake River plain 55 miles west of Idaho 
Falls, the propeller shaft of STR (Submarine Ther- 
mal Reactor), MARK I, the prototype for the 
U. S. S. NAUTILUS, was turned by power obtained 
from nuclear fission. 

As Alamagardo represents unleashing nuclear 
forces for destruction, STR MARK I symbolizes the 
harnessing of those forces for man’s benefit. In the 
8 years from Alamagardo to MARK I only the de- 
structive power of the atom was available and man 
stood in awful fear at the threat of uranium fission. 
After MARK I there was hope—as great as the 
fear—that nuclear power could be turned to the en- 
richment of human life. 

STR MARK I was the culmination of one of the 
largest, most daring, and most aggressive engineer- 
ing developments in history. Its success followed 
from the solving of a whole series of difficult engi- 
neering problems, the skillful avoidance of numer- 


ous technical hazards, and the forceful and energetic 
prosecution of a quarter-billion dollar development. 

The U. S. Navy has every reason to take pride in 
its pioneering of the field of atomic power which the 
success of the MARK I prototype made possible. 
Not only has the NAUTILUS brought great prestige 
to the Navy and the nation, but it has opened an en- 
tirely new field of naval operations, one in which the 
U. S. has a long and important lead over its competi- 
tors. 

In the early stages of prototype design of the 
Idaho prototype, the problems of merely obtaining 
some power from fission seemed so overwhelming 
that it was planned to build MARK I as a “bread- 
board” arrangement with components and systems 
spread out over a large floor area to allow easy ac- 
cess for test, modification or replacement. But build- 


' ing the prototype as an experimental breadboard 


installation would have cost years by requiring an 
additional stage in the program to obtain an operat- 
ing nuclear powered ship—the redesign of the suc- 
cessful breadboard plant into the confined environ- 
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THE FIRST DAYS OF MARK I 


KINTNER 


ment of a submarine hull. The decision was made, 
therefore, to build the prototype within the exact 
hull dimensions to be used in NAUTILUS, and to all 
the specifications of a seagoing vessel. This decision 
resulted in the MARK I plant being designed to 
withstand submergence pressures and depth charge 
shock. The plant was built to be tested under the 
pressure variations which snorkeling causes inside 
the hull, and the reactor compartment was sur- 
rounded by a large tank of water which would allow 
simulation of the radiation shielding problems of a 
submerged submarine. The prototypeness was car- 
ried to the point that the machinery compartments 
were cooled by air conditioning instead of by ven- 
tilation from the outside air so that the capacity of 
equipment required in NAUTILUS could be accu- 
rately determined. 

Actual construction of MARK I began in 1950 at 
the National Reactor Testing Station in Idaho, a 
400,000 acre tract which had been a naval ordnance 
testing range during World War II and which was 
turned over to the AEC so that power reactor test- 
ing could be carried out without danger to populous 
areas. 

If nuclear power was to be successful in the Navy, 
the reactor plants would have to be operated by in- 
telligent, trained Naval enlisted men, not by the 
white-coated graduate engineers and Ph.D.’s who 
had operated most previous reactors. The Bureau of 
Naval Personnel and the Nuclear Power Division of 
the Bureau of Ships collaborated in choosing forty 
top submarine enlisted men and four especially able 
young submarine officers. A special course, much of 
it college level, was established at the AEC’s Bettis 
Plant near Pittsburgh where these submariners 
were trained in the fundamentals of nuclear power 
for a year before being transferred to the Idaho site. 
Once in Idaho, they continued their training, work- 
ing alongside Westinghouse technicians during the 
construction of MARK I. 

As test operations began, detailed operating and 
casualty procedures prepared by design engineers 
proved completely inadequate. There was no previ- 
ous nuclear plant operating experience on which to 
base them. The submarine crew members literally 
pulled themselves up by the boot straps, re-writing 
operating procedures and instructions as_ they 
learned from experience at the prototype. A great 
deal of the success of the NAUTILUS is due to the 
fact that her engineering personnel were made a 
part of the development and testing of MARK I. 
They knew the STR plant from inside out, the reac- 
tor physics as well as the more routine turbine oper- 
ation. 

As 1952 drew to a close and the non-radioactive 
testing of MARK I began, there were a number of 
unanswered technical questions, and there was not 
always great confidence that satisfactory solutions 
could ever be found. Even Captain Rickover, return- 
ing from a visit to MARK I at this time, said, “If 
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the NAUTILUS makes 2 knots on nuclear propul- 
sion she will be a success.” 

The most serious doubt of feasibility lay in the 
area of safety. A power reactor is an almost infinite 
energy source, containing enough fissionable ma- 
terial to make an atomic bomb. If its energy is re- 
leased in an uncontrolled manner great damage can 
result. No reactor of the STR type had ever been 
put under a load. It was not known whether the en- 
tire STR power system was controllable; it could 
not be known with surety until power was gener- 
ated—and that might be too late. So, a highly sensi- 
tive complex of some 80 different control circuits 
was designed to anticipate any dangerous instability 
of the reactor and initiate an emergency shutdown, 
or in the jargon of the nuclear engineer, “scram” 
the reactor. 

Then there was the problem of radiation shield- 

ing. All experimental reactors had been encased in 
thick, heavy concrete blockhouses to attenuate the 
high radiation levels associated with their operation 
and thus protect operating personnel from dangers 
of irradiation by gamma rays and neutrons gener- 
ated in the reactor core. Such cumbersome shield- 
ing could not be used in a submarine because of the 
great space and weight required. MARK I was pro- 
vided with the first mobile radiation shield, lighter 
and smaller than any shield previously employed, 
and therefore a much less positive protective sys- 
tem. 
A submarine must be in exactly neutral equilib- 
rium while submerged. The NAUTILUS, to save 
valuable time, was already well along in construc- 
tion. If the STR radiation shielding calculations were 
in error by a significant amount, costly and delay- 
ing modifications to NAUTILUS would have been 
necessary. 

Another fundamental question of feasibility in- 
volved safe transfer of heat from the reactor core. 
The reactor plant must remove heat from the fuel 
elements where it is generated and carry it outside 
to where it can be converted into useful power. Un- 
til this heat transfer had actually been accomplished 
experimentally, there was considerable doubt that 
the STR would keep sufficiently cool under load, or 
whether, on the contrary, its fuel elements would 
overheat and destroy themselves, spewing enormous 
quantities of radioactivity throughout the plant. The 
higher the power level the more dangerous the heat 
transfer situation became. 

The “crud problem” aggravated the doubts of STR 
heat transfer capabilities. Only a few months before 
operation was to begin a sample fuel element was 
removed from an experimental exposure in the 
Canadian reactor at Chalk River, Ontario. When it 
was examined it was found to be covered with 
“crud”, an impolite word applied to corrosion prod- 
ucts deposited on the fuel elements in the high 
radiation fluxes which exist in the heat of a reactor. 
The Chalk River results seemed to indicate that the 
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STR reactor core, already a questionable heat trans- 
fer area, might clog up entirely and overheat like 
the radiator of the family automobile when its pas- 
sages become filled with corrosion products. 

All the moving parts in the STR reactor plant 
were lubricated by hot, radioactive water. This, too, 
was a new technique, one with which there was no 
background of experience on which to draw. Much 
testing had been devoted to choosing moving parts 
which could operate dependably in hot water, but 
there remained a residue of uncertainty as to 
whether the many valves, pumps, and control rod 
mechanisms would continue to operate for long 
periods in their unusual lubricating medium. 

Finally, there was the important question of core 
life. One argument for the NAUTILUS STR plant 
was that it would have a very long range. If its 
power life was days or weeks it would be acceptable 
for combat use. If it would provide continuous 
power for only a matter of hours it would be no bet- 
ter than the lead cell storage battery used by con- 
ventional submarines. The design goal for the STR 
was a reasonably long life, and first calculations in- 
dicated the goal could be met. As additional refine- 
ments were made in calculations, and as results of 
physics experiments became available, the predicted 
life inched closer and closer to zero. 

These and many other fundamental problems re- 
mained unsettled on March 31, 1953, when MARK I 
“went critical”. Criticality in a reactor is the point 
at which the chain reaction in the core becomes self- 
sustaining. A reactor can be “critical” either at very 
low power levels or at high power levels. In the case 
of MARK I, the first critical testing took place at 
power levels under one one-hundredth horsepower 
to avoid any dangers associated with higher power 
operations. During this time physics and radiation 
shielding information was obtained. 


The big question was, however, whether nuclear 
power was a satisfactory method of provelling a 
submarine, and only high power operation of MARK 
I would settle that question. So, for many weeks the 
engineers fretted while the physicists went calmly 
about their business of extracting fundamental reac- 
tor and shielding physics from the STR core at lev- 
els too low to allow production of any useful power. 

Finally, by late May, 1953, the required low power 
physics data had been obtained; the pumps and 
valves and heat exchangers, turbines, motor genera- 
tors, thermometers, control panels—all of the hun- 
dreds of items which made up the complex and in- 
terrelated systems of the plant—had been mechani- 
cally and electrically tested until they were as near 
perfect as they could be made. The crews had prac- 
ticed for a week at carefully opening the main tur- 
bine throttle from an oil fired boiler so as to disturb 
the reactor as little as possible. Above all, they were 
carefully rehearsed in casualty drills. STR MARK I 
was ready for the attempt at power operation. 

Captain Rickover, who had followed preparations 


on a daily basis, flew to Idaho to observe the 
start-up, arriving just before lunch on May 31. The 
reactor was critical and crews were standing by to 
begin the crucial test. As if on a signal that the 
visitor from Washington had arrived, one of the 80 
reactor safety circuits misfired, and the control ele- 
ments were abruptly driven into the reactor, “scram- 
ming” it. This necessitated a slow and painful re- 
start of the operation and heightened the anxiety 
surrounding the first power test. 

In a few hours the reactor was again “critical”, 
and the experiment began. In honor of his many 
contributions to the development of nuclear power, 
Atomic Energy Commissioner Thomas E. Murray 
was invited to open the throttle, admitting steam 
generated by a power reactor into a turbine for the 
first time. Murray knew that eight years had passed 
since Hiroshima, and that, except for the Navy’s 
program, no U. S. Atomic power project was near 
fruition. He knew also that the Navy and the Atomic 
Energy Commission had committed almost one- 
quarter of a billion dollars to the project whose suc- 
cess was now to be determined. 

As the whine of the accelerating turbine filled the 
prototype building the operators glanced anxiously 
at the reactor power level meters. They were 
smoothly following the increasing throttle openings. 
At least, MARK I did not seem to want to blow up 
like a bomb! Cautiously the power level was in- 
creased. 


The only difficulty during that first run was with 
the water brake, the power absorbing device at- 
tached to the main shaft to represent a propeller. Its 
inexperienced operators could not maintain a con- 
stant speed. For a time it appeared the tests would 
have to be terminated until the water brake opera- 
tors received some additional training, but since the 
reactor seemed to be easily controllable and followed 
the variations in speed smoothly, the tests were con- 
tinued. After a two hour run during which power 
levels of several thousand horsepower were 
achieved, the reactor was shut down. Eight years of 
hard work had paid off. The performance of MARK 
I had surprised its most optimistic proponents. 

Then followed a month of careful, precise buildup 
in power level. Test operations went on night and 
day, seven days a week. Power was increased in 
5 percent increments. What would happen on each 
of these increasing steps could only be conjecture 
until the test run had been completed, but the re- 
actor continued to operate well. 

The first feasibility question to be answered af- 
firmatively was that of safety. MARK I was a calm 
and stable machine and even when treated roughly, 
as its inexperienced operators often treated it, it re- 


fused to get overly excited. Heat transfer in the core 


followed predictions. There was no indication of 
dangerous over-heating in any portion. The shield 
designers were surprised when radiation levels were 
significantly below those which they had calculated, 
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indicating that smaller and faster submarines than 
the NAUTILUS could be built. As additional phys- 
ics data became available, estimates of core life 
were increased above the highest requirements of 
the Navy. 

Many of the problems which faced the operating 
crews during that month were those of the more 
conventional machinery units—motor generator sets, 
feed pumps, reduction gears. So far as the reactor 
plant proper was concerned, the major difficulty was 
with the numerous safety circuits, any one of which 
could cause the reactor to shut down suddenly, or 
“scram”, These circuits were meant to be extremely 
tender in their operation—they were, in fact, so 
much so as to provide a serious difficulty to the 
operators. A submarine propulsion plant not capable 
of operating without emergency shutdowns under 
sea motion and depth charge shock would not be 
satisfactory, yet the MARK I had a constant plague 
of “serams” from such slight causes as vibration 
from a crew member’s walking through the reactor 
compartment, an electrician disconnecting an emer- 
gency manual “scram” button several hundred feet 
from the hull, and a bolt of lightning striking a Mon- 
tana power line tied into the system which fur- 
nished electricity to the prototype. 

As the crew gained operating experience, and as 
additional information was obtained concerning 
safety, “scram” circuits were disconnected. The 
number of signals causing “scram” were carefully 
reduced from more than 80 to less than 20. By this 
means, and by intensive crew training, the problem 
was licked. 

On June 25, 1953, full design power was achieved. 
Not one part of the plant indicated failure to meet 
the rigid specifications. In less than a month after 
first power generation by a nuclear power plant, 
MARK I was running smoothly at full power. The 
one remaining question was whether the machinery 
could withstand long high power running. 

The operating crews began a 48-hour run at full 
power to obtain important physics information. 
Rickover had visualized that if the 48-hour run 
turned out well, the plant should continue on a 
simulated cruise across the Atlantic. The officer in 
charge at the site felt that this was unwise consider- 
ing the many uncertainties, and told Rickover that 
beyond 48 hours he could not accept responsibility 
for the safety of the $30,000,000 prototype. He was 
directed to proceed with the simulated voyage. 

Charts of the North Atlantic were posted in the 
control room and a great circle course to Ireland 
plotted on it. The position of the ship after each 
4-hour watch was computed and marked on the 
chart. For watch after watch, the course plotted in 
the control room crawled towards Ireland. 

At the mid-point of the Atlantic crossing, the op- 
eration seemed to be going well. As one of the NAU- 
TILUS crew members standing watch in the hull 
stated, “She just sits there and cooks.” A veteran 
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marine engineer, familiar with the large quantities 
of fuel oil which would have been required to drive 
a ship so far with a conventional propulsion plant, 
pointed to the propeller shaft and then to the reac- 
tor, and said, “So much comes out back here, and 
nothing goes in up there!” 

At the 60th hour, however, the test began to sour. 
The vital motor generator sets, which had been 
cleaned just prior to the run, caused difficulty with 
carbon dust from the brushes depositing in the wind- 
ings. Nuclear instrumentation, operating perfectly 
at the beginning of the run, became erratic, and the 
crews could not be sure what was happening within 
the reactor core. One of the large reactor coolant 
pumps, the development of which had cost over $3,- 
000,000, began making a strange intermittent whin- 
ing sound which has never been explained. The op- 
erators feared that “crud” building up on the fuel 
plates during extended power operation would cut 
down heat transfer and the core would burn up. The 
most pressing problem, however, was caused by fail- 
ure at the 60th hour of a tube in the main condens- 
er. From that point on, the main steam condensate 
became more and more impure and steam pressure 
fell off rapidly. 

The tensions surrounding continuation of the test 
increased the challenge to the crews, and as each 
watch came on duty it resolved it was not going to 
be responsible for ending the run prematurely. Crew 
members worked hard to repair those items which 
could be repaired while the plant was in operation; 
for those which could not be repaired or the condi- 
tion of which could not be known (such as the main 
coolant pumps and the reactor core itself) they 
could only hope that they would hold out. 

Finally, the chart showed that Ireland had been 
reached. Carefully and precisely the reactor was 
shut down. A nuclear powered submarine had, in 
effect, steamed at full power across the Atlantic 
without surfacing. When an inspection was made of 
the core and the main coolant pump, no defects 
which could not be corrected by minor improve- 
ments were found. The NAUTILUS could, if neces- 
sary, cross an ocean at full speed submerged. 

A month after nuclear power was first produced, 
those who had participated in the STR project knew 
that atomic propulsion of ships was feasible. They 
knew, too, that industrial nuclear power could be 
built on the same technological foundations, that the 
STR development had provided much of the funda- 
mental physics and engineering to build and operate 
industrial nuclear power plants. 

In 1955, MARK I ran 66 days and nights con- 
tinuously at full power. It is now a flexible facility 
providing much of the experimentation for the Na- 
vy’s nuclear propulsion program which now includes 
33 submarines, a guided missile cruiser and a nu- 
clear powered aircraft carrier. MARK I continues 
to be the training ground for the officers and en- 
listed men who will man our nuclear fleet. The van- 
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guard of nuclear propulsion of ships is now held by 
the STR MARK II in the NAUTILUS which, be- 


cause of the hard work, engineering judgment and 


With successful marksmanship the Russians hit the moon on 13 Septem- 
ber. When describing the shot, Leonid Sedov, head of the Spaceflight De- 
partment, Academy of Sciences, pointed out that launching time was set 
to within a few seconds. The velocity had to be controlled to within | meter 
per second and the angle of trajectory to less than | degree. It is claimed 


’ that the instrument package landed within 180 miles of its target point 


after the 35 hour journey which covered some 235,000 miles. Initial predic- 
tion of the impact time was accurate within 136 seconds. A later prediction 
reduced this to 84 seconds. The final stage of the rocket, together with the 
instrument package, weighed 3324.5 lb. without fuel. The 858.4 spherical 
instrument unit separated after burnout. It carried instruments for the study 
of magnetic fields, the earth's radiation belts, cosmic rays, interplanetary 
gas, and micrometeorites, as well as various Soviet emblems. 

Lunik Ill, the space vehicle which photographed the back of the moon on 
7 October, carried an aggregate payload of 959 lbs., made up of a 614 lb. 
automatic space station and 345 lbs. of instruments in the last rocket stage. 
Accuracy required to encircle the moon is estimated at | fps in velocity 
and 0.1 degree in trajectory. It is evident that a highly capable computing 
center was involved in the shot. The computation of the trajectory was com- 
plicated by lack of knowledge of some of the gravitational constants in- 
volved. Photography of the back of the moon required a remote controlled 
camera, automatic film development, remote data processing and remotely 
controlled data transmission, all in a vehicle which had been subjected to 
the accelerations and shock of rocket launching. Developing solutions had 
to be brought into contact with the film in the absence of gravity, or an 
artificial gravity provided by spinning the vehicle, a complicating require- 
ment in itself. Further difficulties were raised by the effects of the cosmic 
ray environment on the photographic film. The picture taking was said to 
have taken place during a 40 minute period at a distance from the moon of 
riko to 43,000 miles. Lunik Ill is still in orbit, circling the earth in a 9.5 day 
period. 

—from Engineering 


November 13, 1959 
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resourcefulness which went into MARK I, is one of 
the outstandingly successful naval engineering proj- 
ects in man’s long struggle with the sea. 
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INAUGURAL CRUISE FOR POLARIS MISSILE SUBMARINE. 


The nuclear powered submarine George Washington (SSB(N)598), a submersible missile launcher, cruises through waters 
of Long Island Sound on first builder’s trials after two days of successful operations off the East Coast. 


NAVY’S TRITON UNDERGOES SEA TRIALS. or 


This nuclear powered radar picket submarine Triton (SSR(N) 586) undergoes preliminary acceptance trials. Triton, of 5900 fu 
tons, the U. S. Navy’s largest submarine, is a twin reactor ship, 447 feet long. it: 
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MECHANISMS 


H IGH ENERGY radiation whether in the form of 
charged ions, electrons, neutrons, or electromagnetic 
radiation can have permanent damaging effects on 
materials which are of practical importance in the 
design of reactors. This paper is to be a survey of 
the types of damage produced by various kinds of 
radiation, restricted particularly to the metals which 
are in use in reactors. 

Radiation damage can be considered to have taken 
place when any of the solid’s mechanical, physical, 
or chemical properties have changed as a result of 
exposure to some type of radiation. Radiation dam- 
age is the result of (1) displacement of atoms in a 
solid by particles passing through it, (2) the par- 
ticles which remain embedded in the solid as im- 
purities, and (3) the ionization produced by the 
particles. The analysis of radiation damage may best 
be approached from the point of view of solid state 
physics. 

The fundamental fact about a solid is that under 
ordinary circumstances its behavior is a unique 
function of the positions of its atoms, no matter how 
its atoms came to those positions. A solid is made 


up of two constituents: the nuclei of the atoms, and 
their electrons. With given positions of the nuclei, 
the electrons are capable of a great many stationary 
states, but their transitions from one state to another 
are ordinarily so fast that they will have attained 
a configuration of thermal equilibrium practically 
without effect on the solid. The main exception to 
this is in the case of insulators in which electrical 
conduction by electrons is so slow that non-equilib- 
rium charge distributions may persist for measur- 
able times, thus effecting a change in the solid. 

In non-metals and organic compounds such as hu- 
man tissue, the valence bonds between the atoms of 
the molecules are usually saturated, so the electronic 
structure is rather rigid and the electrons cannot 
conduct electricity. Molecules are held to each other 
by weak Van der Waals forces so that these ma- 
terials as a whole are insulators which melt and 
vaporize into molecules as the temperature is raised. 
Metals on the other hand have unsaturated valence 
bonds with no complex molecules forming, and the 
electrons move rather freely from one valence bond 
to another so that the material is a conductor of 
electricity. 
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HOW PHYSICAL AND MECHANICAL PROPERTIES CHANGE 


From studies of crystal structure it has been noted 
that once a dislocation occurs in the structure it acts 
as a stress raiser and tends to propagate itself. Any- 
thing that can impede the motion of the dislocations 
can strengthen the crystal. Work hardening may be 
naively explained by considering these dislocations 
as leaving damaged trails behind then as they pro- 
gress. As more and more of these damaged paths oc- 
cur, the point is reached where a further dislocation 
meets one of these trails and is stopped from mov- 
ing further. As more and more damage is produced, 
the progress of the dislocations is slowed considera- 
bly and the material is “work hardened”. In this 
condition the lattice has a large amount of stored 
energy within it. 

Other mechanisms of hardening are hardening by 
alloying and hardening by precipitation. Anything 
which disturbs the regular lattice impedes the mo- 
tion of dislocations and will result in hardening. It 
might be noted that annealling a hardened metal 
will restore it to an equilibrium state. 

Effects on electric and thermal conductivity occur 
when the electrons are scattered by imperfections 
and irregularities in the crystal lattice. As far as in- 
sulators are concerned, any mechanism which can 
excite electrons up to their vacant conduction bands 
will result in conductivity. 


THEORY OF RADIATION DAMAGE 


The important types of radiation for producing 
damage in reactors are neutrons and heavy charged 
particles or fission fragments. The nuclear particles 
in a reactor that cause most of the radiation damage 
in solids are fast neutrons and fission fragments, 
chiefly because the energy of each is tremendous in 
relation to the energy required to create a defect. 
The uncharged nature of the neutron means that it 
can interact only by direct collision. However, once 
a collision has taken place, the knock-on (target) 
atom in turn rapidly creates subsequent displaced 
atoms. The incident neutron travels many thous- 
ands of atomic spacings in the solid before it makes 
another collision. Thus the damage resulting from 
fast neutrons is widely spread through a reactor, 
affecting all components. 

Fission fragments, possessing initially a high 
charge and mass must dissipate all their energy 
within a few microns. Therefore the damage is usu- 
ally confined to the fuel volume. The total energy 
dissipated in radiation damage is approximately the 
same for both types of particles, but the spatial dis- 
tribution is very different. 

Gamma radiation and electrons produce little 
damage except in insulators and chemical com- 
pounds. Mesons have had little study but their ef- 
fect would presumably be between that of an elec- 
tron and a proton. Alpha particles are considered 
under the heading of charged particles but their 
effect on reactor materials is small. 
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Neutrons may undergo elastic or inelastic scatter- 
ing with, or be captured by, a struck atom. For fast 
neutrons the cross section or probability for elastic 
scattering is generally the largest. The fraction of 
energy lost per collision by the neutron is greatest 
when the knock-on atom is most nearly the size of 
the neutron. The effect of the neutron on collision 
then is to produce a knock-on atom as a result of 
scattering, or as a result of transmutation or fission. 
Refer to Figure 1 for a summary of the above. 
These recoil atoms in most cases will be positively 
charged. Let us now consider what happens to these 
heavy charged particles (the knock-ons) . 

Bohr has noted that when fast heavy charged par- 
ticles pass through matter they will strip off elec- 
trons from the matter through which they pass and 
become less charged. As the velocity of the charged 
particles drops the tendency to pick up electrons 
increases, so that as it loses energy and slows down 
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Figure 1°—Radiation Effects on Reactor Materials 
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in collisions it also loses charge. This phenomenon 
is extremely important since a fast ion can have 
quite different effects on the atoms it strikes. These 
two processes are in competition with each other. 
In the first type of collision it can make an elastic 
collision giving kinetic energy to the knock-on atom. 
Competing with this is a second type of collision 
where the incident particle can excite or ionize the 
electrons of the struck atom resulting in an inelastic 
collision in which most of the energy lost by the 
incident particle is transferred to the removed elec- 
tron rather than to the knock-on atom. The energy 
the target atom receives may leave it in an excited 
level with the subsequent emission of gamma radia- 
tion. The rate of these ionization collisions depends 
on the square of the charge of the incident particle. 
Thus, as the incident particle loses charge and en- 
ergy its rate of ionization will rapidly decrease. At 
high energies all but a few percent of the dissipa- 
tion of energy by the incident heavy ion comes in 
ionization, while at low energies this ionization be- 
comes unimportant and the remaining energy is dis- 
sipated almost entirely in atomic recoils. It is these 
atomic recoils which produce the damage, therefore 
most of the damage caused by these heavy ions oc- 
curs near the end of their path. As was pointed out 
by Bohr the transition from one type of process to 
another is a function of the velocity of the particle. 
Hence, the transition energy where damage becomes 
important varies with the mass of the particle. 
For a proton this is about at 10,000 ev, for a car- 
bon atom about 100,000 ev, and for a fission frag- 
ment over an Mev. The damage produced by ioniza- 
tion, as we will see, is important only in insulators 
and organic type compounds. 


TYPES OF PARTICLES CAUSING DAMAGE 


A fission fragment starts out with energies of the 
order of 100 Mev. Roughly the first 97 percent of 
this is dissipated in ionization. When it reaches the 
order of 1 Mev it will convert its remaining energy 
into the recoil energy of knock-on atoms. These 
knock-on atoms themselves can carry on further 
collisions and will produce secondary and tertiary 
knock-ons, so that the total non-ionizing damage 
done might be comparable to a neutron of 1 or 2 
Mev. The damage however is very different in ef- 
fect because it is much more concentrated. The col- 
lision cross section of an atom with an ion is much 
greater than the cross section of the same atom with 
a neutron. Thus the fission fragments instead of 
making isolated collisions as a neutron does, and 
producing isolated regions of damage over a few 
centimeters, will produce knock-on atoms very close 
together resulting in a region of concentrated dam- 
age as short as several microns. 

The fast neutron loses all its energy by knock-ons 
since it is uncharged. The knock-on atoms so pro- 
duced will loose approximately 50 percent of their 
energy by additional knock-ons and 50 percent ion- 


izing collisions. On this basis, the neutron uses a 
larger percentage of its energy in producing dam- 
age than the fission fragment even though the dam- 
age is not as concentrated. The fission fragment 
damage will be confined to the fuel or cladding ma- 
terial while the neutron damage is spread through- 
out the reactor. 

Accelerated light ions (p,d,e) will dissipate most 
of their energy by ionization down to about 10 Kev. 
Therefore the knock-ons produced by these particles 
will have considerably smaller energies than those 
produced by neutrons or fission fragments and con- 
sequently less secondary or tertiary knock-ons will 
be produced as compared with neutrons or fission 
fragments. 

Some remarks are now in order on the effects of 
the electronic ionization energy. In solids which are 
not insulators or complex molecular organic com- 
pounds the ionization energy is readily conducted 
throughout the lattice and taken up by the atomic 
vibrations. In these materials the electrons can ad- 
just quickly to distribute the extra energy, since as 
we have seen earlier, they are free to move without 
effect on the nucleus. Where this energy cannot be 
removed quickly enough, as in the case of an in- 
sulator, the nucleus may be set into vibration and 
therefore this energy is concentrated on a single 
nucleus instead of being spread throughout the lat- 
tice, or an inner electron may be forced into a con- 
duction band thereby changing the electrical proper- 
ties of the material. In either case the atom is in an 
unstable state, which can persist for long periods of 
time because it is an atom in an insulating material. 

In organic chemical compounds a somewhat simi- 
lar situation exists. Electrons displaced from one 
molecular bond have a relatively poor chance of get- 
ting back (the molecule acts as a poor conductor) 
and a permanent change is made in the molecule 
permitting dissociation or chemical change to take 
place. The important biological effects of radiation 
are mainly thought to occur as a result of ioniza- 
tion rather than recoil. 

Fortunately as far as reactor materials are con- 
cerned these cases are the exception rather than the 
rule as most solids used are fairly good conductors 
and any electronic effect can dissipate itself before 
changes occur in the nuclear arrangement. One im- 
portant effect produced is that the energy which 
distributes itself throughout the lattice manifests it- 
self in the form of heat and may have to be removed 
in some cases. 

Where organic materials are used the ionizing 
damage will of course be an important effect. 


SUMMARY OF RESULTS OF SOLID STATE THEORY 


We have seen that the fission fragments and neu- 
trons produce primary knock-ons which in turn pro- 
duce secondary knock-ons of lower energy, etc. 
There is a tremendous transfer of energy taking 
place in a localized area. The nuclear kinetic energy 
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is heat energy and the effect is such that the tem- 
perature goes up several thousands of degrees. 
There will be a considerable track of high tempera- 
ture vaporized material about the path of a primary 
particle. This is called a thermal spike or pulse of 
thermal energy. Heat transfer is very fast from this 
small volume and in a short time the temperature 
will have fallen to normal. It is estimated these 
spikes may last 10-'° seconds. This process of rapid 
local vaporization and resolidification results in a 
structure of very small grains which will persist if 
no annealing effect takes places. If annealing pro- 
ceeds, the disturbed region will rapidly recrystallize 
and disappear, otherwise it can be thought of as act- 
ing in much the same fashion as a precipitate in 
hardening the material. Another effect of the ther- 
mal spike may possibly be increased creep rate since 
the stress can relax in the small melted regions 
throughout the material. 

The movement of the knock-on atoms will pro- 
duce vacancies, and they will end up as interstitials 
in the lattice in some non-equilibrium position. Im- 
purity atoms may be introduced as a result of neu- 
tron induced transmutations of the fission fragments 
themselves. Thus we might expect in irradiated 
specimens physical results which are similar to those 
caused by non-radiation produced interstitials, va- 
cancies and impurities. These are; hardening, in- 
creased electrical and thermal resistivity, reduced 
ductility and increased strength. The ionization ef- 
fect will break chemical bonds and increase the con- 
ductivity of an insulator. It must be noted that 
radiation damage has yet to be worked out on a 
theoretical basis and the material here presented 
represents merely a crude picture of what is be- 
lieved to occur. 

In summary then, the five basic and most impor- 
tant mechanisms of radiation damage are; vacan- 
cies, interstitials, impurities, thermal spikes, and 
ionization. 


RADIATION DAMAGE; ITS MANIFESTATIONS—METALS 
AND ALLOYS—PHYSICAL AND MECHANICAL PROPERTIES 


It is indeed fortunate that metals and alloys are 
more resistant to radiation damage than are many 
other classes of solids. However, some physical and 
mechanical properties can and will change. The 
magnitude of the radiation effect is a function of a 
number of variables before irradiation such as melt- 
ing point, crystal structure, prior thermal and me- 
chanical history, and a function of the variables of 
irradiation such as flux, exposure, temperature of 
irradiation, chemical environment during irradia- 
tion, stress level, and impurity content. 

There have been many analogies drawn between 
radiation damage and cold work and solid solution 
hardening. There is no one model that can be ap- 
plied. The beginner can reasonably think of some 
of the effects as similar to cold work and solid solu- 
tion hardening. 
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PHYSICAL CHANGES 

Density and Dimensional Stability 

These changes are usually trivial in metals and 
when they do occur, they usually result in a de- 
crease in density. Plain carbon steel shows little 
change, while stainless steels and nickel base alloy 
steels decrease 0.06 percent. The largest density 
changes outside of the fuel core might occur in 
sintered materials, with tungsten carbide showing a 
0.3 to 0.6 percent decrease in density. In non-metals 
and graphite the effect is of major importance. 
Magnetic Susceptibility 

Austenitic stainless steels show a tendency to 
transform to ferritic and therefore show an im- 
proved ferromagnetic nature. Some very high per- 
meability alloys decrease in permeability after ir- 
radiation, so that no fixed variation can be set down. 


Corrosion Resistance 

It is believed that the austenitic to ferritic trans- 
formation in stainless steels is not large enough to 
give an appreciable increase in corrosion suscepti- 
bility. However radiation does produce free radi- 
cals in most organic compounds and atmospheres. It 
might be expected that lubricating oils and low 
melting metals such as tin, bismuth, cadmium, zinc, 
and aluminum which react to form organo-metallic 
compounds, will probably corrode. Corrosion prob- 
lems in pressurized water reactors, are especially se- 
vere due to the decomposition of water and the 
consequent reaction with impurities, particularly 
nitrogen, to form nitric acid. One of the reasons for 
requiring extreme purity in the water stems from 
an attempt to reduce this severe corrosion. 
Thermal and Electrical Resistivities 

Unless irradiation is at extremely low tempera- 
tures (<20° K), the defects anneal out readily and 
have small effect. Only high melting point metals 
such as Zr, Ti, Fe, and Mo exhibit substantial in- 
creases in resistivity after room temperature irradi- 
ation. Most increases are of the order of 5 to 10 per 
cent after irradiation at this temperature. See Table 
I. 


TABLE 
Irradiation at 90°C at 10° nvt flux* 
Percent 

Metal Increase in Resistivity 
Cu 73 

Ni 2.4 

Ti 7.0 

Zr 59 

Fe 8.3 
Stainless steel 18 
Mo 22 

40 


*The nvt flux is the product of the neutron flux, neutron/ 
cem?/sec and the time of irradiation and has the unit neutrons/cm?. 


If the irradiation temperature were 100 to 300°C 
higher the increases would not have occurred or 
would have been much less. 
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Microstructure and Crystal Structure 


Present concensus indicates that overall grain size 
is essentially unaltered by irradiation. Some exam- 
ples of structure effects are the acceleration of the 
white to grey transformation in tin, the high tem- 
perature phase stabilization of some uranium alloys, 
and the fact that austenitic stainless steels tend to 
show some transformation to a ferritic matrix. 


MECHANICAL PROPERTIES 


By far the most important effects on metals by 
irradiation are changes in mechanical properties. 
All metals and alloys show substantial increases in 
hardness and ultimate strength, with decreases in 
ductility and impact strength after irradiation. The 
effect of temperature of irradiation on the resulting 
material is very important. Generally, the lower the 
temperature of irradiation as compared with the 
material’s recrystallization temperature, the more 
severe will be the radiation effects. Low melting 
alloys and metals such as Cu, Al, Mg, and Pb re- 
quire long irradiations at room temperature, while 
at lower temperatures only a fraction of the irradia- 
tion is required to produce the same effects. Higher 
melting point metals can suffer significant radiation 
effects at more elevated temperatures. 


Hardness, Tensile Strength, Ductility 


General effects can be summed up as follows: 

1. Metals which are in a soft condition show a 
greater change in properties than those which have 
been cold worked before irradiation. For the effects 
of previous cold work and integrated exposure flux 
on hardness and tensile strength see Figure 2. 

2. Radiation damage effects are not a direct func- 
tion of carbon content. 

3. The effects of radiation are preserved at room 
temperatures but are annealed out at higher temper- 
atures. 

4. These effects proceed at a decreasing rate and 
approach a saturation limit before the fully embrit- 
tled condition has been reached. 

5. Most metals after irradiation show increased 
hardness and tensile strength and decreased duc- 
tility. 

The increase in elastic modulus might be attrib- 
uted to the pinning of the dislocations in the metal 
by radiation defects. 

Data in table II which follows indicates that yield 
strength is very sensitive to irradiation and also in- 
dicates the amount of increase in ultimate strength. 


Impact Strength 


In the case of metals exhibiting brittleness below 
a certain temperature and ductility above that tem- 
perature, irradiation increases the brittle-ductile 
transition temperature. Irradiation decreases the en- 
ergy required to fracture material in the ductile re- 


gion. It appears that irradiation does not induce brit- 
tle behavior in metals not exhibiting it in the un- 
irradiated state. Low flux irradiation in steels will 
raise this temperature 35° to 45°. High flux ex- 
posure can raise it as much as 100° to 150°, in some 
metals. From an operating standpoint this particular 
phenomenon is perhaps one of the most serious con- 


TABLE II‘ 


Typical Increases in Plastic Properties of Metals 
and Alloys After Neutron Irradiation 


Yield Strength Tensile ¥S/TS 
Materials (psi) Strength (psi) Pre Post 
2 SH14 Aluminum + 5,000 + 7,000 9 85 
2SO aluminum +10,000 + 9,000 51 65 
High Purity Iron 413,000 +1000 5 84 
Normalized Carbon Steel -+43,000 +22,000 67 96 
Hardened and Tempered 

* Alloy Steel +43,000 +34000 93 99 
Austenitic Stainless Steel +60,000 +17,000 38 84 
Titanium-commercial 75A -+-42,000 -+23,000 15 99 
High Purity Zirconium +18,000 + 3,000 33 3 

TasBLe III° 


This table shows the effects on ductility which al- 


ways suffers if additional strength is received 


Elongation at breakage, Percent 
Before After 


Material 

2SO aluminum 38 21 
2SH14 aluminum 22 20 
Normalized carbon steel 22 5 
Austenitic stainless 49 25 
QMV beryllium 14 0.2 
356 aluminum 0.6 
Molybdenum 44 0 


TaBLe IV* 


This table shows the increase in hardness for various 
metals. Refer also to Figure 2 
Change in Brine 
afte 


ll hardness 
r irradiation at 90°C 
at 5-6x10° NVT 


Nickel 42 69 
Titanium-commercial 36 20 
High purity zirconium 20 29 
High purity iron 41 78 
Molybdenum-commercial 23 22 
Stainless steel 44 27 
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INCREASE OVER 
INITIAL HARDNESS 


INCREASE OVER INITIAL 
TENSILE STRENGTH, 1000psi 


50 100 150 0 20 40 60 
MATERIAL | TREATMENT | NYT MATERIAL | NVT | 
PLAIN YIELD 10*° J NX) 
CARBON 
CARBON STEELS ULTIMATE | 10” 


10" 
HARDENED 


10" 
ANNEALED 
PLAIN 


YIELD 10” 
102 SM 


STAINLESS 
ANNEALED STEELS 
STEELS 
HARDENED | 10” 
HARDENED |---| No Comparison Available 
ZIRCONIUM ANNEALED | 10° ZIRCONIUM io” ISS 
HARDENED | 10” ULTIMATE ior 


Effect on hardness of some metals. 


Effect of irradiation on tensile strength of some metals. 


Figure 2. 


sequences of irradiation damage in metals. See Fig- 
ure 3 for an example of transition temperature shift 
in a mild steel. 


100 

2 
Irradiated 

> 109 nvt 
= Unirradiated 
Irradiated 
10?°nvt 
20 

| l L | 


-I50 -50 O -50 +100 +200 +250 
Temperature, °F 


Figure 3—Effect of irradiation on impact strength of 
A-212-B carbon steel. 
Fatigue Properties 


Fatigue properties show little change due to ir- 
radiation. 


Effects On Other Materials 


While only structural reactor metals were cov- 
ered here, the effects on other reactor components 
are appreciable. For example, fuel cladding material 
exhibits extreme embrittlement due to the large 
number of fission fragments which become embed- 
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A graphical summary of most of the mechanical 
properties appears in Figure 4 below. 


Ultimate 
tensile strength 
(1,000 psi units) 


Yield stress 
for 0.2% 
offset 
(1,000 per 
units) 


Reduction 
of area (%) 
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Transition 
temperoture (°F) 


Uniform 
elongation (%) 


SG 6 8 


stegrated Fast-Neutron Flux Mev) (10'%n/cm? units 


2 


Figure 4°—Integrated fast-neutron-flux dependence of sever- 
al mechanical properties of A-212 B carbon-silicon steel. 


ded in the cladding and act as hardening agents. 
The fuel metal exhibits marked swelling and gas ag- 
glomeration due to the increase in the number of 
atoms and accumulation of fission gases. It has been 
established that gamma uranium which is a body 


RADIATION STABILITY OF VARIOUS SUBSTANCES 
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centered cubic, but which is unstable at room tem- 
peratures, is more resistant to radiation effects than 
the stable alpha phase. 


Plastics and elastomers exhibit large changes in 
dimensions, changes in electrical resistivity, and se- 
vere embrittlement. Organic liquids such as lubri- 
cants become more viscous and gassing is prevalant. 
The dissociation of the oil drastically enhances cor- 
rosion. 


Semi-conductors are among the most easily dam- 
aged materials, since their electronic properties are 
most sensitive to imperfections of the crystal lattice, 
the electrical conductivity of a semi-conductor may 
change by orders of magnitude. Figure 5 sum- 
marizes damage susceptibility in increasing order of 
resistance to damage. 


MINIMIZATION OF RADIATION EFFECTS'* 


Probably the most important single variable ef- 
fecting radiation damage is the bombardment tem- 


perature. 


1. Adjustment of bombardment temperature. 


(a) The magnitude of especially severe changes 
in physical properties can in most cases be reduced 
by an increase in bombardment temperature, or by 
raising the temperature of the specimen after ir- 
radiation. This is well illustrated by annealing in 
metals and by the much-reduced radiation damage 
in graphite at elevated temperatures. This increase 
in temperature allows the physical properties to re- 
vert to their initial values, as in annealing, and 
hence the radiation damage is said to be annealed 
out. Annealing is thought to be related to the mo- 
bility of the crystalline defects but a clear under- 
standing of annealing kinetics has not been achieved 
as yet. Some evidence exists that during irradia- 
tion, effects are not wholly thermal, but that the ir- 
radiation itself facilitates annealing. This phenom- 
enon is termed radiation annealing.’ 


(b) If diffusion effects play an important role in 
radiation damage, as in metastable solid solutions, 
then a decrease in bombardment temperature is 
beneficial since it decreases the mobility of the radi- 
ation generated defects. 


2. Alloying. 


Alloying reduces phase instabilities and prevents 
gamma uranium, which is body centered cubic, from 
transforming to alpha uranium, which is orthorhom- 
bic and anisotropic at temperatures below the nor- 
mal transition of 662°C for unalloyed uranium. It 
has been observed that anisotropic structures are 
much more susceptible to radiation damage than 
structures which are isotropic. Therefore in alloy- 
ing uranium one desires compositions which retain 
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the body centered cubic lattice at room tempera- 
tures. Systems of this type may be found in binaries 
with molybdenum, niobium, or zirconium. 

Titanium and vanadium in combination with 
uranium also have large gamma regions. The gamma 
phase in these systems is not in stable equilibrium 
at room temperature and therefore the alloy content 
must be great enough to inhibit transformation after 
the initial solution heat treatment. Excellent exam- 
ples of this type alloy are the fuel elements of the 
Enrico Fermi Fast Breeder Reactor which contain 
10 percent by weight of molybdenum in uranium. 


Another method of achieving radiation stability is 
to select a composition which is so low in uranium 
that the irradiation characteristics of the diluent 
(alloy element) control the behavior of the alloy. 
Elements which might be selected include alumi- 
num, beryllium, or zirconium. The good perform- 
ance of a uranium-aluminum alloy containing up to 
30 per cent uranium by weight has been demon- 
strated in practice. 


Care should be taken to avoid alloys or other sol- 
ids that transmute to new atomic species, particu- 
larly under conditions of extremely long bombard- 
ments. The transmutation of manganese to iron is a 
case in point. 


3. Use of dispersion type fuel elements. 


These are elements in which the fuel is hetero- 
geneous, consisting of a fissile phase dispersed in a 
continuous matrix of non-fissile material. The dis- 
persion type fuel element localizes the fission frag- 
ment damage to the dispersed phase and the im- 
mediately adjacent matrix phase. 


4. Grain refinement. 


In the high uranium alloys small amounts of ad- 
ditives together with proper heat treatment will re- 
fine and stabilize the grain which tends to promote 
random orientation and increased strength. For ex- 
ample one or two tenths of a percent of chromium 
in uranium permits refinement of the grain so that 
the randomly oriented material has excellent sta- 
bility under irradiation. 


5. Material selection. 


Figure 5 shows that many substances are obvi- 
ously not suited for reactor use. Studies reveal that 
close-packed structures have the highest radiation 
stability, and in general, simple structures of high 
symmetry have better radiation characteristics than 
anisotropic structures. It appears desirable to avoid 
materials which possess unstable phases at or near 
the bombarding temperature. Metallic bonding ap- 
pears best for radiation resistance, followed by ionic 
bonding, covalent bonding, and molecular bonding 
which gives the poorest radiation resistance of all. 
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Preliminary sea trials were completed in November for the new French 
aircraft carrier, CLEMENCEAU. The trials were designed principally 
to check out the 120,000 SHP propulsion plant. The CLEMENCEAU and 
her sister ship FOCH, due to complete this year, represent an attempt 
toward middle tonnage aircraft carriers capable of operating modern 


jet aircraft. 


The ship incorporates an angled deck. The flight derb has overall 
dimensions of 845 feet by 151 feet. It is fitted with two elevators, one 
inboard just forward of the island structure, and one on the starboard 
deck edge just aft of the island. Two steam catapults of the Mitchell- 


Brown BS4 type are fitted. — 


The hull displaces 30,000 tons full load, and has a speed of 32 knots at 
full power. The radius of the ship is given as 4800 miles at 24 knots and 
7500 miles at 18 knots. Accommodations for a maximum compliment of 
2500 are provided. Advanced electronics are provided. 

The hangar deck is 500 feet long and about 87 feet wide. The ship 
is said to be capable of carrying up to 60 aircraft included || ton jets 
of the Standard IV type, and the turbo-prop Bréguet-Aliyé ASW aircraft 
of the French Navy. It is stated that modern U.S. jet planes could use the 


equipment of the ship. 


—From SHIPBUILDING AND SHIPPING RECORD 
December 10, 1959 
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Gigantic Radio-Telescope Being Constructed For 
U. S. Navy 


The world’s largest radio-telescope is under con- 
struction for the U. S. Navy near Sugar Grove, 
W. Va. After scheduled completion in 1962, the 
20,000-ton facility, to be known officially as Naval 
Radio Research Station, will give the United States 
the world’s most powerful “ear on the universe.” It 
will enable Navy scientists to tune in on radio sig- 
nals emitted by astral bodies 19 times the distance 
probed by the 200-inch optical telescope at Mount 
Palomar, Calif. The instrument’s aluminum-mesh 
reflector dish will have a 600-foot diameter, twice 
the length of a football field, and an area exceeding 
seven acres. Rotation of huge arcs supporting the 
dish complex will elevate the reflector at any angle 
above the horizon. The entire structure will rotate 
on rollers riding circular tracks on the ground. 
Thus, the dish can be aimed at any point in the sky 
above the horizon. The telescope will be electrically 
controlled from a near-by laboratory operations 
building. Contracting agency is the Bureau of 
Yards and Docks acting for the Naval Research 
Laboratory, whose scientists formulated basic spec- 
ifications and other criteria after years of inten- 
sive research. 


¥ 


Official U. S. Navy Photo 
Artist’s conception of the finished telescope. 


Official U. S. Navy Photo 


Telescope site—foundation under construction. 
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BOUNDARY LAYER STABILIZATION 
| BY DISTRIBUTED DAMPING 
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Professor Theodore Von Karman. 
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Aeronautics (DVL, Berlin, Germany) where he ultimately headed the Aero- 
dynamic Institute and was appointed Senator, or a member of the leading 
staff. 
From 1943 to 1945, he headed the Development Station for Guided Mis- 
siles at Brackwede, Germany; which developed the remote controlled, 
fighter-borne Rocket X-4. From 1947 to 1952, he worked at the Naval Air 
Development Center, Johnsville, Pa. where he developed an acoustic guid- 
ance system for guided missiles. 

In 1952 he was employed by Coleman Engineering Company, Inc., Los 
Angeles, California as Technical Director supervising various research pro- 
jects. When in 1956, it was decided to concentrate on an invention of his 
called, “Boundary Layer Stabilization by Distributed Damping,” a subsidiary 
company, Coleman-Kramer, Inc., Los Angeles, was formed for the purpose. 


Dr. Kramer is Vice President of this company. 


SUMMARY 


A T LARGE Reynolds Numbers and small pressure 
gradients, i.e., when the fluid friction is of predomi- 
nant importance, the transition from a laminar to a 
turbulent boundary layer is connected with a dras- 
tic increase in drag. Thus it is desirable to retain a 
stable or laminar boundary layer over the entire 
wetted surface of high speed bodies and profiles. In 
the past, an extended favorable pressure gradient 
as well as boundary layer removal have been suc- 
cessfully utilized to accomplish this objective. 
Reference (1) described preliminary tests which 
were conducted in order to study the soundness of 
a novel approach to an artificial boundary layer sta- 
bilization, called “stabilization by distributed damp- 
ing.” The following presents a simplified theory of 


distributed damping specifically for ducted coatings, 
as well as the results of successful tests on a par- 
ticular ducted coating at a slightly adverse pressure 
gradient up to a Reynolds Number of approximately 
15 x 10°. 


THE PRINCIPLE OF A BOUNDARY LAYER 
STABILIZATION BY DISTRIBUTED DAMPING 


The transition of the boundary layer from lami- 
nar to turbulent is a consequence of a dynamic in- 
stability that develops inside the boundary layer 
when the Reynolds Number exceeds a certain lower 
limit. At small Reynolds Numbers, the viscosity of 
the fluid, or its inherent damping, suppresses the dy- 
namic instability and the flow is laminar or stable. 
An increase in Reynolds Number means that the 
ratio of the inertia forces to the viscous forces in 
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the fluid increases or that the relative inherent 
damping of the fluid decreases. Thus a Reynolds 
Number is reached at which the inherent damping 
of the boundary layer becomes insufficient. Once the 
prime requirement for dynamic stability, namely 
sufficient damping, is no longer fulfilled, the boun- 
dary layer can build up waves and finally turn tur- 
bulent. This process is generally known as the 
transition from laminar to turbulent flow. 

When looking at the transition problem in the 
way described, it followed that an artificial increase 
of the inherent damping of the boundary layer 
should lead to a means for boundary layer stabiliza- 
tion. The inherent damping of the boundary layer 
proper is determined by its viscosity. No way to in- 
crease the viscosity of the boundary layer proper 
has yet been devised. However, it was realized at 
this point that the boundary layer is so thin and 
so closely attached to the wetted surface that it ap- 
peared promising to build dampers into the wetted 
surface and in that way, in effect, to increase the 
effective damping of the boundary layer. 

The concept of a boundary layer stabilization by 
distributed damping was originally based on the as- 
sumption that a suppression of the critical boundary 
layer waves, as they are known from references (2), 
and (3), would lead to an effective boundary layer 
stabilization. Thus dampers were to be spread out 
over the entire wetted surface. These built-in damp- 
ers were to communicate with the boundary layer 
through a smooth pressure-sensitive diaphragm 
which was to form the outer skin of the wetted sur- 
face. Since specific frequencies were to be sup- 
pressed, the dampers had to be tuned to these fre- 
quencies and had to provide the proper amount of 
damping in order to be most effective. 

It was realized later that the practical require- 
ments are not as simple as previously explained. 
Even under idealized conditions, such as at constant 
speed, low ambient turbulence, zero pressure gradi- 
ent, and a perfectly smooth surface, the unstable 
boundary layer waves cover a frequency range of 
at least one octave. A useful stabilization must be 
effective in a speed range rather than at a certain 
speed—which requirement further broadens the fre- 
quency band that must be covered by the response 
of the dampers. Finally, ambient turbulence as well 
as local injuries and imperfections had to be taken 
into account—which require effectiveness of the 
dampers at essentially higher frequencies than in- 
dicated by reference (2). Thus the dampers had to 
be designed for a very wide frequency response be- 
fore they could be expected to be fully effective 
under practical conditions. 


A SIMPLIFIED THEORY OF DISTRIBUTED DAMPING 
SPECIFICALLY FOR DUCTED COATINGS 


Figure 1 shows a recent design of a ducted coat- 
ing for distributed damping which has led to con- 
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Figure 1—The Dimensions of the Ducted Rubber Coating 
Tested (Dimensions in 1/1000 of an Inch). 


vincing test results. This coating consists of a heavy 
rubber diaphragm that is supported by a multitude 
of tiny rubber stubs. The space between the rubber 
stubs represents a multitude of capillary ducts 
which can be filled with a damping fluid of appropri- 
ate viscosity. As an illustration, the simplified the- 
ory of ducted coatings is discussed below in con- 
nection with this particular design. 

As long as the boundary layer flow is laminar and 
the pressure gradient is zero, a coating as shown in 
Figure 1 behaves like a rigid surface if the damping 
of the coating is sufficient to avoid surface flutter. 
The damping fluid within the coating remains at 
rest, and the surface of the diaphragm remains 
smooth. When the boundary layer tends to become 
wavy, pressure differences originate between the 
crests and the troughs of the boundary layer waves. 
Thus pressure waves propagate along the coating 
and cause an oscillatory response of the diaphragm 
as well as an oscillatory motion of the damping fluid 
within the coating. 

In order to arrive at a simplified theory it may be 
assumed that the response of the coating to the 
boundary layer waves does not change the fre- 
quency and wave length of the boundary layer 
waves in comparison to those known to originate on 
a rigid surface. This assumption reduces the actual 
problem to the one of designing dampers for most 
effective damping at given frequencies and wave 
lengths. The simplification appeared justified since, 
as previously pointed out, the dampers must cover 
a wide frequency band and, therefore, can have only 
a weak response at any particular frequency and lo- 
cation. 

The second simplification concerns the replace- 
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ment of the propagating pressure waves by standing 
pressure waves of equal wave length and frequency. 
The experience with wide frequency-band sound- 
absorbing materials shows hardly any difference in 
frequency response when these materials are alter- 
nately tested with standing and propagating sound 
waves. Thus it seemed justified to base a simplified 
theory of distributed damping on the assumption of 
a disturbance caused by standing pressure waves. 
Standing pressure waves are particularly simple to 
deal with in mathematical terms. Figure 2 shows 
the schematic arrangement that simulates the coat- 
ing in case of standing pressure waves. For reasons 
of symmetry, it is in this case sufficient to consider 
an element of the coating with a length equal to 
half a wave length of the disturbance. The perform- 
ance of the entire coating can then be derived from 
the performance of this half-wave-length damping 
element. 

The lumped mass (M) of the damping fluid in a 
single damping element is approximately 


xWyxDxpp 


D=Depth of fluid duct 


W,p=Width of fluid duct (=D for a coating ac- 
cording to Figure 1). 


A=Wave length 
pp=Density of damping fluid 


When the diaphragm is comparatively thick and 
the wave length comparatively small, the diaphragm 
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Figure 2—Schematic of the half-wave-length damping ele- 
ment as part of the coating. 
(A) Pressure distribution on the surface at time zero. 
(B) Pressure distribution on the surface at time zero + 
(F—Frequency). 
(C) The rubber diaphragm. 
(D) The damping fluid in the stubbed layer. 
(E) The rigid substructure. 
(F) Approximate effective length of the fluid layer per 
damping element (\—Wave length), 
(G) Length of damping element. 


mass will increase the lumped mass of the damping 
element. However, with a design according to Fig- 
ure 1, this effect is small and may be neglected in a 
simplified theory. 

If S stands for the stiffness or compressibility 
of the coating per unit area perpendicular to its sur- 
face, the stiffness, S*, acting on the lumped mass, 
M, derives from the following equations: 


Average Diaphragm Amplitude: _ _ 4WpxD 
Unit Amplitude of Mass (M) 


W=Width of single damping element (=1.7xD 
for a perpendicular to the flow direction 
coating according to Figure 1). 


The pressure at the diaphragm due to stiffness, S, 
and the unit amplitude of mass, M, is 


p—4*WpxDxS 


The restoring stiffness, S*, acting on the mass, M, 
is therefore 


A damper element for most effective wide-band 
damping has no pronounced response frequency. Its 
response is practically flat up to half its natural fre- 
quency at zero damping, and falls off at higher fre- 
quencies. Thus its highest frequency for full re- 
sponse is approximately 


1 _ .|.203xW,xDxs 


4r ? x WX pp 


If the frequency and the wave length in the above 
equation are made equal to the critical frequency 
and the critical wave length of the boundary layer 
at the design speed and at the average Reynolds 
Number of the coating at the design speed, the ap- 
propriate stiffness, S, of the coating is 


For XA cr XppXW 
WypxD 
(For XAcr) is the propagational speed of the boun- 


dary layer waves. From reference (2) derives as an 
approximation for the propagational speed: 


10’ 
Ra, 


4 
For X Acr=0.26 x U, xX 


U.=Design speed or free stream volocity. 
R,=Average Reynolds Number of the coated 
area. 


- Thus: 


Wo 
S=—0.33 x D x Ww, * 


S is the appropriate stiffness or compressibility 
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of a ducted coating per unit area perpendicular to 
its surface. The calculation indicates that for a given 
body size, this stiffness is primarily a function of 
the speed. This result, if verified by tests, means 
that the stiffness and all dimensions of a certain 
ducted coating can be kept constant throughout the 
entire length or, at least, over a large percentage 
of the length of a body that is to be designed for a 
certain speed and for the average Reynolds Number 
of its coating at this speed. 

The appropriate viscosity of the fluid in the coat- 
ing can be calculated under the assumption that a 
maximum of oscillatory energy shall be dissipated. 
Simplified calculations, which neglected the inherent 
damping of the rubber and assumed the damping 
ducts to be rigid capillaries, have indicated that the 
viscosity of the damping fluid should increase pro- 
portionally with the design speed and decrease pro- 
portionally with the 0.66 power of the distance from 
the very tip of the body. However, such calculations 
have so far not had much practical bearing, since a 
coating according to Figure 1 strongly differs from 
the simplifying assumptions mentioned. Rubber has 
considerable inherent damping which cannot be neg- 
lected. The fluid-filled ducts of the coating are not 
the equivalent of rigid capillaries since their walls 
consist of a flexible material. Laboratory measure- 
ments have shown that the damping of such coat- 
ings starts out at an appreciable value for negligi- 
ble viscosity of the damping fluid, reaches a maxi- 
mum at a certain viscosity and decreases with a 
further increase of the viscosity. This seems to in- 
dicate that no simple and, at the same time, reliable 
computation of the damping viscosity exists. Thus 
the trend has been to keep the inherent damping of 
the rubber as low as feasible and to provide a pos- 
sibility for a variation of the viscosity of the damp- 
ing fluid inside the actual coating. 

Figure 1 shows a rather heavy diaphragm of 
80/1000” thickness. It is only natural to make the 
diaphragm as heavy as permissible from the stand- 
point of effective damping of the boundary layer 
waviness in order to ruggedize the coating and to 
minimize the non-uniformity of the stiffness caused 
by the stub pattern. However, the heavy diaphragm 
simultaneously serves another essential purpose. 
When some local surface injury or imperfection of 
a rigid surface causes local turbulence in a laminar 
boundary layer, this turbulence is known to spread 
under an included angle of approximately 20 de- 
grees until a large area in the wake of the disturb- 
ance is fully turbulent. This effect must be elimi- 
nated on a coated surface or else the usefulness of 
the coating would be rather limited under practical 
conditions. 


Laboratory tests have shown that pressure waves 
penetrate a rubber coating only to a depth equal to 
approximately one-quarter wave length. The wave 
length of turbulence at its point of origin is 10 to 
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40 times smaller than the wave length of the boun- 
dary layer waves. A coating with an extremely thin 
diaphragm might permit the turbulent pressure 
waves to penetrate into the damping fluid. How- 
ever, the viscosity of the damping fluid, if appropri- 
ate for the damping of the boundary layer waves, 
would be too low to properly damp the much shorter 
turbulence waves since the viscosity must be the 
greater the shorter the wave length. Thus a thin 
diaphragm would make the coating delicate and 
rough, and, at the same time, would offer no possi- 
bility to cope with local turbulent disturbances. A 
heavy diaphragm eliminates these deficiencies. First, 
it provides the desirable smooth and rugged top 
layer with uniform stiffness. Secondly, it offers a 
means to cope with local turbulence. If the stiffness 
and the inherent damping of the heavy diaphragm 
are properly chosen, the diaphragm can act as the 
distributed damping that reduces the detrimental ef- 
fect of local turbulence. Thus a coating as shown in 
Figure 1 actually consists of two wide-frequency- 
band dampers of which the comparatively heavy top 
layer or diaphragm must be designed to suppress 
local turbulence at its origin while the fluid-filled 
bottom layer must be designed to suppress the 
boundary layer waves. 
THE TEST METHOD 


Theoretical considerations recommended water as 
the medium for the first systematic measurement on 
distributed damping. Since a large number of short 
test runs in between numerous model modifications 
was anticipated, it was considered a necessity to 
have the test equipment available at any time. Past 
experience in the field of laminar research empha- 
sized the importance of assuring true ambient con- 
ditions for this investigation which, in the case of 
water as the medium, meant “true marine condi- 
tions.” 


This combination of requirements led to the de- 
velopment of a somewhat unusual test method. The 
tests were run as tow tests inside the breakwater of 
Long Beach Harbor, California. A 170 hp. 16-ft. 
motorboat served as the towing vehicle. This boat 
was equipped with two pitot tubes and two pre- 
cision manometers for a precise and reliable meas- 
urement of the ram pressure and the speed. Its 
maximum towing speed was 35 knots. 

The body towed by this boat is shown in Figure 
3 mounted on the starboard side of the boat. This 
body had an overall length of 8 ft., a total weight 
of approximately 50 Ibs, and a maximum outside 
diameter of 2.5 inches. The body was normally 
towed by a 17-ft. nylon-coated stainless steel cable 
of 92/1000” outside diameter which connected the 
towed body with the cable winch in the boat. 

Only the forward 4 ft. section of the towed body 
was used as the actual model on which the effect of 
coatings was studied. These 4-ft. models were 
mounted on a sting in front of the 4-ft. aft section. 
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Figure 3—The towed body mounted on the tow boat. 


The drag of the various models was measured by a 
strain-gage bridge mounted on a stainless steel 
spring in the way which is accepted general practice 
today and used, for instance, in supersonic wind 
tunnels. The output of these strain-gages was, in- 
side the towed body, converted into a frequency 
shift and telemetered through the tow cable to a 
crystal stabilized frequency counter in the boat. The 
method of telemetering information after its con- 
version into a frequency shift is today also generally 
accepted, for instance, in the guided missile field. 
Figure 4 shows the disassembled towed body; in 
particular, a coated model; the center piece of the 
towed body containing the strain-gages and the tow 
cable connector; the telemetering unit; and the aft 
end of the towed body, which houses the telemeter- 
ing unit. 

When introducing this test method, several stu- 
dies were made in order to assure reliable results. 
First, the towed body was supposed to trail the boat 
in a perfect manner; i.e., without sway oscillations. 
It was found that this requirement could be met 
when the center of gravity of the towed body was 
located 1.5 in. ahead of the tow point. The stability 
of the towed body was such that this static unbal- 
ance caused a negligible angle of attack in the speed 
range used for the measurements. Secondly, the 


Figure 4—The towed body disassembled. From top to bot- 
tom: 


A coated model. 

The centerpiece of the towed body containing the 
strain-gages and the tow cable connector. 

The telemetering unit. 

The aft end of the towed body housing the telemeter- 
ing unit. 


nearness of the boat was not to interfere with the 
measurements. In order to study this requirement, 
the transition range of a high-gloss rigid model was 
measured for various cable lengths in the range 
from 10 to 100 ft. Since the result of these meas- 
urements was found to be independent of the cable 
length it was concluded that a cable length of 17 
ft. was acceptable. Thirdly, the drag measurement 
could be considered reliable only if the pressure at 
the gap between the model and the aft body was 
known and taken into account. Since no correction 
due to this pressure is required if this pressure 
equals the ambient static pressure, the entire 
towed body had been designed to represent a 
large static sonde. Its predominantly cylindri- 
cal shape and its extreme slenderness (1/38) gave 
the towed body the shape of a good static sonde. 
The gap between the model and the aft body was 
in the average 1/32-in., which is relatively narrower 
or better than the gap of conventional static sondes. 
The diameters of the models and of the towed body 
near the gap were made equal within +1/1000 in. 
which is at least equal to the relative manufactur- 
ing accuracy of conventional static sondes. A cal- 
culation of the pressure induced at the gap indi- 
cated that under the conditions mentioned the true 
drag would be approximately one per cent smaller 
than the measured drag. Since all conclusive meas- 
urements were intended to be comparative meas- 
urements between a high-gloss rigid reference model 
and coated models of equal shape, any attempt 
to determine the pressure at the gap more accu- 
rately was considered unnecessary. 

Because the method eliminates any possible pres- 
sure drag, it measured the skin friction drag of 
cylindrical bodies. Reference 4 has shown that fric- 
tion measurements on cylindrical bodies closely 
agree with the classical flat plate friction measure- 
ments as long as the slenderness of the cylindrical 
section does not exceed the ratio 1/20. For this rea- 
son, the following results are immediately com- 
pared with the classical results of friction measure- 
ments on flat plates such as the Schoenherr Curve 
for fully turbulent friction and the Blasius Law for 
fully laminar friction. All results were evaluated in 
the customary way as drag coefficient over Reyn- 
olds Number, where the drag coefficient is 


C= Drag 
> Outside surface of Model x Ram pressure 


and the Reynolds Number is 


_ Speed x Total length of model 
Kinematic viscosity 


R 


THE MODELS 


All models tested had the same shape. They con- 
sisted of a 2.5-in. diameter cylindrical section 26.5- 
in. long which was headed by an 18.5-in. tip of the 
tabulated contour. 
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TABLE I 
Diameter of Tip 
Inches 
0.25 0.30 
0.5 0.45 
1.0 0.68 
2.0 1.00 
3.0 121 
4.0 1.39 
6.0 1.67 
8.0 1.89 
10 2.08 
12 2.23 
14 2.39 
16 2.44 
18 2.49 


The models consisted of nylon which was polished 
to a high gloss wherever it formed a part of the 
wetted surface. The coatings according to Figure 1 
were inserted in a way which did not change the 
outer shape of the models. The first six inches of 
the tips were not coated. Since the tips and the 
cylindrical sections were screwed together, an area 
of 0.5 in. in length was not coated at this point. In 
order to obtain precisely equal dimensions at the 
aft end of all models, the last 1.5 in. of all models 
were not coated either. Openings inside the models 
which could be hermetically sealed permitted the 
independent change of the damping fluid in the tip 
and the cylinder coatings. Since rubber, especially 
after heat-bonding and some aging, does not retain 
its original high-gloss finish, the coated models were 
covered with three spray coats of airplane dope 
(total thickness of dope film approximately .002 in.) 
which was polished to a high-gloss finish. This dope 
coating had to be replaced from time to time since 
it had a tendency to harden and to crack. 

When it was realized that rubber could be an ap- 
propriate structural material of the coating, experts 
of the United States Rubber Company were called 
upon to assist in the development of the coating. 
Thanks to their effort, methods for the molding and 
bonding of the coatings were developed. Currently 
natural rubber is being used for the coatings ex- 
clusively since the properties of this material are 
best known. The coatings for the models were 
molded in 8-in. by 8-in. sheets which were cut to 
size, bonded to the nylon sub-structure, and then 
covered with .020-in. seamless rubber hoses. The 
stiffness of the various coatings was measured in 
pounds per cubic inch (pci) meaning the load on 
one square inch of the coated surface that would 
lead to a compression of one inch of a rigidly sup- 
ported flat sample of the coating if the coating be- 
haved linearly up to such large deflections. The 
actual deflections during such stiffness tests were in 
the range of 5/1000 in. to 10/000 in. 

Dow Corning Silicone Fluid 200 was used as 
damping fluid. This fluid generally does not affect 
the properties of rubber, changes its viscosity little 
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with temperature, and is available at viscosities 
ranging from 0.65 to 2,500,000 centistoke. 

The inherent damping of the coating without 
damping fluid was measured with the aid of the 
drop test method which is customary in the rubber 
industry. A %-in. diameter piston weighing % oz. 
was dropped from a height of 2 in. on the surface 
of a flat sample of the coating. The ratio of the loss 
in amplitude after the first bounce to the original 
amplitude is hereafter called the “relative damping” 
and serves as a means to convey measured infor- 
mation on the inherent damping of the various coat- 
ings. The values mentioned in the text below are 
valid at 75°F. 

THE TEST RESULTS 

Figure 5 shows the drag coefficient of various 
models as a function of the Reynolds Number. For 
all fully coated models, a tip coating according to 
Figure 1 with 1600 PCI stiffness, 47 per cent relative 
damping, and 15,000 centistoke viscosity of the 
damping fluid was used. This tip coating was found 
to be very reliable and to cause a length of the 
laminar flow which safely exceeded the length of the 
tip throughout the entire speed range of the meas- 
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Figure 5—The drag coefficient of various models as a 
function of the reynolds number. 

Curve A. The rigid reference model. 

Curves B, C, & D. Fully coated models with a stiffness 
of the coating on the cylindrical section: B. 1600 PCI 
C. 800 PCI 600 PCI 

Point E. Reynolds number for best performance at 800 
PCI stiffmess—calculated from simplified theory for 
ducted coatings. 
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urements. Curve A of Figure 5 refers to the high- 
gloss rigid reference model. Its performance was 
normal—being almost fully turbulent at a Reynolds 
Number R=15X10°. One might have expected that 
the 18.5-in. tip would stay fully laminar due to its 
favorable pressure gradient which then would have 
lowered the drag coefficient from 0.0025 to 0.0021 at 
R=15x10°. However, this happened only twice 
within two years. Thus it seems that some boun- 
dary-layer-effective ambient turbulence exists most 
of the time near the ocean surface. A close evalua- 
tion of the numerous transition measurements of 
the rigid body has indicated that, at speeds in ex- 
cess of 20 knots, the transition on the cylindrical 
section of the rigid model was no longer affected by 
ocean turbulence while the more sensitive “lami- 
nar” tip was still affected by ocean turbulence at 
the top speed of 35 knots. 


Curve B of Figure 5 refers to a model that was 
fully coated. The coating of the cylindrical section 
agreed with Figure 1, had a stiffness of 1600 PCI, 
and a relative damping of 44 percent. 

The viscosity of its damping fluid was varied un- 
til, at 1200 centistoke, best performance or the low- 
est drag at top speed was obtained. When compared 
with the rigid reference model, the drag of this 
model (Curve B) was reduced approximately 35 
percent at R=15x10°. 

Curve C refers to a second model that was fully 
coated. The coating of its cylindrical section agreed 
with Figure 1, had a stiffness of 800 PCI, and a 
relative damping of 47 percent. The viscosity of its 
damping fluid was varied until, at 300-centistoke, 
best performance or lowest drag at top speed was 
obtained. When compared with the rigid reference 
model, the drag of this model (Curve C) was re- 
duced approximately 59 percent at R=15x10*. Ac- 
cording to calculation, this drag reduction means 
that 83 percent of the total length of the model was 
fully laminar at R=15x10°, or that the transition 
Reynolds Number was 12.5x10° as compared to 
2.5 10° measured on the cylindrical section of the 
rigid reference model. 

Curve D refers to a third fully coated model. The 
coating of its cylindrical section agreed with Figure 
1, had a stiffness of 600 PCI, and a relative damp- 
ing of 57 percent. The viscosity of its damping fluid 
was varied within the range from 10 to 400 centi- 


stoke but did not improve the performance. It seems. 


that the inherent damping of this coating was too 
great. At R=15x10°, the performance of this model 
was only slightly better than that of the rigid ref- 
erence model (Curve A). 

Figure 5 indicates that despite 170 h.p. towing 
power, the towing speed of the tow boat was too 
low to measure the best performance of the coat- 
ings. The attempt to lower the response speed of 
the coating by a reduction of its stiffness also met 
with practical limitations since the relative or in- 
herent damping of soft rubber rapidly increases at a 


stiffness below 800 PCI. Thus, though drastic drag 
reductions could be verified, it was so far not pos- 
sible to demonstrate the best performance of coat- 
ings according to Figure 1. When utilizing the skin 
stiffness formula of the simplified theory previously 
derived, one finds that the second coated model 
(Curve C) should perform best at the Reynolds 
Number R=26X10°. Though the measurement does 
not reach this Reynolds Number it seems that the 
prediction of the simplified theory and the first test 
results agree as well as can be expected from a 
simplified theory and incomplete measurements. 
Figure 6 illustrates the effectiveness of a coating 
according to Figure 1 in terms of its ability to cope 
with local disturbances due to skin injuries or im- 
perfections. The result shown in Figure 6 was ob- 
tained at an early date of the development when 
the coating was still being applied to the tips of the 
models only. The coating had a stiffness of 1600 
PCI, a relative damping of 0.47, and was filled with 
100 centistoke silicone fluid. Since, due to the com- 
paratively short length of the coating, the differ- 
ences in total drag were small, they were converted 
into the equivalent laminar length of the flow from 
the very tip to the transition point in order to com- 
pare the effect with the actual length of the coat- 
ing. The correlation between the total drag, the 
Reynolds Number, and the laminar length of the 
flow was calculated in the usual way. Figure 6 
shows the laminar length of the flow for the various 
model modifications as a function of the Reynolds 
Number. In this figure, the picture of the model is 
drawn to scale so that the transition point is im- 
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Figure 6—The effect of a tripping wire of 45/1000” diam- 
eter on the evreinass ~> - a rigid and a coated 18.5” tip. 
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a tip, stiffness 1600 PCI. 
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mediately indicated on the model. In order to pro- 
vide an easily reproducible flow disturbance, a trip- 
ping wire of 45/1000 in. diameter was mounted on 
the models 6 in. downstream from the very tip or at 
the beginning of the coating if a coated model was 
being investigated. The tripping wire formed a ring 
which snugly fitted the model diameter at the loca- 
tion mentioned. Since the measurements required 
an unusually high degree of measuring accuracy 
they were repeated several times. Figure 6 shows 
the averaged curves derived from these repeated 
measurements. Four model modifications are shown, 
the rigid high-gloss model with and without tripping 
wire, and the model with coated tip with and with- 
out tripping wire. 

Figure 6 shows that the laminar length of the 
rigid and the coated model fairly well agree with 
each other at low Reynolds Numbers where the 
coating is still ineffective. As the Reynolds Number 
increases, the coated model without tripping wire 
shows superior performance. While the laminar 
length of the rigid model levels off at approximately 
one foot, the laminar length of the coated model be- 
gins to rise above R=8x10° until, at R=15x10*, its 
laminar length is approximately 1.6 ft. or slightly 
more than the length of the laminar tip. This differ- 
ence in performance becomes more pronounced 
when the tripping wire is added. Now the rigid 
model is fully turbulent at all Reynolds Numbers in 
excess of R=8x10°, while the coated model steeply 
rises to a laminar length of 1.3 ft. at R=15x10°.* 
The result conveys the impression that the coating 
would most likely fully overcome the detrimental 
effect of a 45/1000-in. tripping wire if tested at its 
Reynolds Number for best effectiveness. The same 
tripping wire eliminated the last remainder of lami- 
nar flow on the rigid model downstream of the trip- 
ping wire. This means that a coating according to 
Figure 1 is well capable of coping with a local sur- 
face disturbance which, on a rigid surface, triggers 
immediate transition into full turbulence. 

CONCLUSIONS AND PREDICTIONS 

1. An increase of the damping of the boundary 
layer is a means for boundary layer stabilization, 
as the behavior of the boundary layer at small Rey- 
nolds numbers proved. Since the thin laminar 
boundary layer and the wetted surface are in close 
contact it appeared promising to build appropriate 
dampers into the wetted surface and thus, in effect, 
to increase the damping of the boundary layer. This 
principle of boundary layer stabilization was called 
“distributed damping” analogous to the known prin- 
ciple distributed boundary layer removal. 

2. A simplified theory of distributed damping, 
presented above, predicted appropriate dimensions 
and properties of an elastic coating that was to 
realize the principle of distributed damping. The 


Mg ys the transition could not occur ahead of the tripping 
oes so in Figure 6 because the unknown drag of the 
tripping wire was not considered when calculating the transition 
<4 this imperfection, the comparative performance of 
<~ coated to the rigid tip is correctly indicated by Figure 6. 
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simplified theory led to the conclusion that a coat- 
ing which is designed for a certain speed and the 
average Reynolds Number of the body at this speed 
will be effective over a great portion of the body’s 
length in flow direction. 

3. Tests in water on 4-ft. cylindrical models with 
1/8-in. rubber coatings at Reynolds Numbers up to 
approximately R=15x10° resulted in a 60 per cent 
drag reduction when compared with an uncoated 
model of identical shape. It was not possible to de- 
termine the best possible performance of the coated 
models since the maximum speed of the test equip- 
ment of 35 knots was smaller than the speed re- 
quired to reach the best performance of the best 
model. However, it seems that the prediction of the 
simplified theory and the first test results agree to 
the extent which makes the simplified theory a use- 
ful tool for approximate dimensions. 

4. Additional tests have indicated that such coat- 
ings are capable of recovering fully laminar flow be- 
hind surface imperfections which trigger immediate 
transition into full turbulence on a comparable un- 
coated rigid surface. 

5. The surface of a coating for distributed damp- 
ing can be hermetically tight so that clogging, which 
would make distributed boundary layer removal in- 
effective in muddy water, cannot affect distributed 
damping. In fact, all tests on distributed damping 
were run inside the breakwater of Long Beach Har- 
bor, California, where the water is rarely clear. No 
performance loss due to water impurities could be 
detected. 

6. The test conditions provided a pressure gradi- 
ent which, though slightly adverse, was close to 
zero. It appears likely that distributed damping wil] 
also be effective under moderately adverse pressure 
gradients such as are encountered on the aft end of 
slender bodies of revolution. This prediction is 
based on the fact that moderately adverse pressure 
gradients do not drastically widen the frequency 
band that must be stabilized by distributed damp- 
ing (reference (2)). 

7. Though tested up to a Reynolds Number R= 
15x10° only, it appears likely that distributed 
damping will be effective up to the largest practical 
Reynolds Numbers. This prediction is based on the 
fact that the relative boundary layer thickness de- 
creases with increasing Reynolds Number. This 
should improve the contact between the boundary 
layer and the wetted surface, thus making properly 
designed built-in dampers more effective when the 
Reynolds Number increases. 
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4 components and advice as to their proper bonding. Vol. 24, No. 6, June, 1957. 

At the same time, Coleman-Kramer, Inc., Los An- 2, 

d geles was established as a subsidiary of Coleman tad 

A ry-Layer Oscillations and Stability of Laminar Flow, 

work on the coatings from the work of the parent Journal of the Aeronautical Sciences, Vol. 14, No. 2, Feb- 

h company. ruary, 1947. 

o REFERENCES 4. Chapman, D. R., and Kester, R. H., “Measurements of 

it 1. Kramer, Max O., “Boundary Layer Stabilization by Dis- Turbulent Skin Friction on Cylinders in Axial Flow at 

d tributed Damping,” Journal of the Aeronautical Sciences, Subsonic and Supersonic Velocities,” Journal of the Aero- 

2- A major breakthrough in liquid rocketry—the pre-packaged engine— 

d has added the attractions of simplicity, constant readiness, reliability and 

D- ease of handling to those of high efficiency, high thrust and scalability. 

os This revolutionary rocket, designated GUARDIAN by its developer, Thio- 

ns kol's Reaction Motors Division, and known by the Bureau of Naval Wea- 

“4 pons as LR44-RM-2 and LR58-RM-2, will be a standard part of the U. S. 

“A Naval armament for the SPARROW III air-to-air missile, and the BULL- 


PUP air-to-surface weapon. The GUARDIAN liquid rocket engines are 


t- integral, self-contained units which include the entire engine system, com- 

e- plete from propellants to thrust chamber. They are designed to be deliv- 

te ered on station, ready for firing upon quick assembly with the airframe 

n- and warhead of the missile. The engine becomes a tornado of power 
milliseconds after the pilot touches the firing switch. The characteristics 

a of smokeless exhaust provide another advantage of the pre-packaged 

~ liquids over the solid propellant engines. Because all propellant loading is 

ad done at the manufacturer's plant, and the unit is sealed before being 

- shipped, the time lag and hazard in propellant handling in the field are 

a largely eliminated. The units can be safely stored in a "ready" state for 

Jo extended periods of time, under extreme environmental conditions. They 

be can be packed for transportation in wooden crates, elaborate packaging 

is not required. 
li- The pre-packaged liquid rocket series utilizes a simple, dependable, 
= pressurized propellant feed system to force the propellants from hermet- 
ts ically sealed tanks to the combustion chamber. A solid propellant gas 
of generator provides the high pressure gases needed to pressurize the tanks 
is and to further mix the liquid propellants as they enter the combustion 
waa chamber. Gas pressure-actuated burst disks or burst bands admit pres- 
cy sure to the propellant tankage to initiate flow, which then continues until 

\p- the tanks are exhausted. The propellants are hypergolic, that is, they are 
spontaneously ignited upon contact with each other, thus providing re- 

b= liable ignition and complete combustion. Reproducibility of ignition char- 

ed acteristics is high, and can be adjusted to varying requirements. A last 
cal minute insertable initiator cartridge is all that is required to make the 

a thrust unit operational. Firing of the engine is accomplished simply by the 

a provision of electrical energy to the initiator; there is no countdown or 

me other preparation period as associated with conventional liquid propellant 

rly rocket engines. 

“wa The GUARDIAN engine section, like the other components of the mis- 
sile, will withstand normal shipboard stowage conditions without the pro- 
tection of a special shipping container. This reduces the penalty in space 

ing and makes each section more accessible for assembly into ready missiles. 

vas Further the packaged rocket has favorable battle damage characteristics 
uc- since neither of the propellants will explode. It puddles together, and an 

- easily extinguishable fire results, not an explosion. Spilled propellants can 

wi easily be washed off deck by either salt or fresh water. 

cae —from Department of Defense Press Release 
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Official model of the Royal Navy’s new guided-missile frigates. 


Information on the four guided missile ships of the Royal Navy, Hamp- 
shire, Devonshire, Kent and London, has been released. Construction of 
two of the ships has begun and a third keel will be laid this year. These ships 
will be the first to join the British fleet with the SEASLUG surface-to-air 
missile. The missile launcher is to be located on the lowered after-deck. A 
helicopter landing platform will be located forward of the launcher. Two 
SEACAT missile launchers will be located amidships, one on each side of 
the after funnel. The frigates will be propelled by a 40,000 shp twin screw 
plant. Each propulsion plant will consist of 12,500 shp steam turbines for 
cruising, supplemented by 7500 shp gas turbines for high power operations. 
The gas turbines are arranged to be available both as booster plants and as 
main plants, providing a means for getting underway on short notice with- 
out waiting for steam pressure. 

—from THE MARINE ENGINEER AND NAVAL ARCHITECT 
October, 1959 


Aerojet-General Nucleonics, a subsidiary of Aerojet-General Corporation, 
has started work under an AEC contract to investigate the feasibility of 
using boiling sulfur as reactor coolant with graphite as moderator. Such a 
system has a potential thermal efficiency of 50 per cent—which is about 
double that of present nuclear power plants. This would not only result in a 
decrease in fuel cost, but a more efficient plant could operate at lower 
reactor power for the same electrical output, which might lead to savings in 
the plant cost. The sulfur-handling experience, evolved over many years in 
the oil and chemical industries, will form a guide for this new application. 


—from MECHANICAL ENGINEERING 
November 1959 
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INTERLINGUA—SER VANT OF SCLENCE 
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This article, published in “American Scientist” in September, 1959, and 
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in December, 1958. The reader is invited to read the article in Interlingua to 
judge for himself the claim that it can be read, practically at sight, by every 
educated person. The English translation is temptingly provided alongside 
the Interlingua version. 


COMMUNICATION IN LE SCIENTIA 


- LIBERE circulation de ideas e informationes es 
non minus importante pro le scientia que le circu- 
lation del sanguine lo es pro le corpore. Sed iste 
circulation nunc es impedite per le publication del 
resultatos de recercas scientific in un multiplicitate 
de linguas. Le recente reporto' de UNESCO super 
le “Traduction Scientific e Technic e Altere Aspec- 
tos del Problema de Lingua” estima que al minus 50 
pro cento del litteratura scientific del mundo es pub- 
licate in linguas que plus que 50 pro cento del 
scientistas del mundo non pote leger. 

Ultra isto, le numero de articulos publicate cresce 
rapidemente. Le litteratura chimic, per exemplo, se 
ha duplate in le passate octo annos e medie e proba- 
bilemente va duplar se de novo in le veniente octo 
annos e medie, secundo un littera inviate in novem- 
bre 1958 al redactores de Chemical Abstracts. Si 
grande es iste crescimento que il ha devenite im- 
possible mantener contacto con le disveloppamentos 
in un campo complete, tal como le physica, e quasi 
impossibile mantener contacto con le progresso in 
un campo special, mesmo pro le articulos in le lin- 
gua native del scientista individual. 


COMMUNICATION IN SCIENCE 


: FREE circulation of ideas and information is 
not less important for science than the circulation 
of the blood is for the body. But this circulation 
now is impeded by the publication of the results of 
scientific research in a multiplicity of languages. 
The recent report’ of UNESCO on “Scientific and 
Technical Translating and Other Aspects of the 
Language Problem” estimates that at least 50 per 
cent of the scientific literature of the world is pub- 
lished in languages that more than 50 per cent of 
the scientists of the world are not able to read. 

Besides this, the number of published articles is 
growing rapidly. The chemical literature, for exam- 
ple, has doubled itself in the past eight and a half 
years and probably is going to double itself anew 
in the coming eight and a half years, according to a 
letter sent in November 1958 to the editors of 
Chemical Abstracts. So large is this growth that it 
has become impossible to maintain contact with the 
developments in an entire field, such as physics, 
and almost impossible to maintain contact with the 
progress in a special field, even for the articles in 
the native language of the individual scientist. 


1J. E. Holmstrom, Editor. Columbia University Press, 2960 Broad- 
way, New York 27, N. Y., 1957. 282 pages. $4.00. 
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Un altere aspecto del problema es le numero 
crescente de assembleas international. I] ha assi non 
solmente le difficultate de leger articulos publicate 
sed etiam lo de participar in discussiones con re- 
cercatores ab altere paises. 


NECESSITATES DEL SCIENTISTA 


A parte su conversationes in assembleas de col- 
legas, le scientista ha duo requirimentos. Primo, ille 
ha a scrutar le litteratura currente pro obtener 
ideas e informationes con respecto a nove disvelop- 
pamentos in su campo. Un singule idea pote esser 
justo lo que manca a ille momento in su proprie 
recerca. E, secundo, ille debe leger in detalio ille 
articulos que pertine a su proprie investigationes. 

Iste requirimentos es grandemente frustrate per 
le barriera de lingua. Pro multes del resultatos sci- 
entific del mundo, ille es fortiate de fider se al jor- 
nales de summarios le quales es usualmente un o 
duo annos in retardo post le data de publication del 
articulos original. O ille debe fider se a traductiones 
le quales es costose e difficile a obtener (si in effecto 
illos pote esser obtenite del toto) e non libere de 
errores, tal como illos listate in le numero del 10 de 
octobre 1958 de Science. Bon traductiones es sem- 
per difficile facer. Illos require que le traductor es 
familiar tanto con le lingua como etiam con le ma- 
teria, un prerequisito que es rarmente satisfacite in 
toto. Tunc il ha semper le retardo. Al tempore 
quando le articulo traducite arriva, su importantia 
pro le recerca in question ha frequentemente evan- 
escite. 

Clarmente, le labor scientific esserea facilitate si 
le resultatos del recerca scientific esseva publicate 
in un sol lingua que omne scientista pote leger a 
prime vista. 


INTERLINGUA 


Un tal utensile de intercommunication deveniva 
disponibile con le publication in 1951 del Interlin- 
gua-English Dictionary e del Interlingua Grammar 
(Storm Publishers, 80 E. 11th St., New York 3). 
Isto esseva le culmination de 27 annos de recerca 
per le Association de Lingua Auxiliari Internation- 
al in New York, le qual habeva essite formate con 
le assistentia de Dr. Frederick Gardner Cottrell, 
scientista eminente e fundator del Research Cor- 
poration pro le supporto de recercas scientific basic. 
Le possibilitate del uso de interlingua pro le com- 
munication in le scientia comenciava con le publi- 
cation de iste libros. 

Interlingua esseva disveloppate per prender le 
parolas del vocabularios del linguas europee (in- 
cluse de anglese), standardisante o rationalisante 
los pro remover irregularitates e peculiaritates re- 
gional, e per construer un grammatica simple al uso 
con le vocabulario resultante. Assi esseva obtenite 
un lingua international que in grande mesura es 
36 
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Another aspect of the problem is the increasing 
number of international meetings. There is thus not 
only the difficulty of reading published articles but 
also that of participating in discussions with re- 
searchers from other countries. 


NEEDS OF THE SCIENTIST 


Aside from his conversations at meetings of col- 
leagues, the scientist has two requirements. First, 
he has to scan the current literature to obtain ideas 
and information with respect to new developments 
in his field. A single idea may be just that which is 
lacking at that moment in his own research. And, 
second, he must read in detail those articles that 
pertain to his own investigations. 

These requirements are largely frustrated by the 
language barrier. For many of the scientific results 
of the world, he is forced to trust himself to the ab- 
stract journals which are usually one or two years 
behind the date of publication of the original arti- 
cles. Or, he must trust himself to translations which 
are costly and difficult to obtain (if indeed they are 
obtainable at all) and not free of errors, such as 
those listed in the October 10, 1958 issue of Science. 
Good translations are always difficult to make. 
They require that the translator be familiar with 
both the language and the subject matter, a pre- 
requisite that is seldom satisfied in full. Then, there 
is always the delay. By the time the translated ar- 
ticle arrives, its importance for the research in 
question has frequently vanished. 

Clearly, scientific work would be facilitated if the 
results of scientific research were published in a 
single language that every scientist would be able 
to read at sight. 


INTERLINGUA 


Such a tool for intereommunication became avail- 
able with the publication in 1951 of the Interlingua- 
English Dictionary and the Interlingua Grammar 
(Storm Publishers, 80 E. 11th St., New York 3). 
This was the culmination of 27 years of research by 
the International Auxiliary Language Association 
in New York, which had been formed with the as- 
sistance of Dr. Frederick Gardner Cottrell, eminent 
scientist and founder of the Research Corporation 
for the support of basic research. The possibility of 
the use of Interlingua for communication in science 
began with the publication of these books. 

Interlingua was developed by taking the words of 
the vocabularies of the European languages (in- 
cluding English), standardizing or rationalizing 
them to remove regional irregularities and pecul- 
iarities, and by constructing a simple grammar for 
use with the resultant vocabulary. Thus was ob- 
tained an international language which, in large 
measure, is already in use and which can be read 
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INTERLINGUA 


jam in uso e que pote esser legite practicamente a 
prime vista per omne persona educate. 

Le criterio basic pro le acception de un parola in 
le vocabulario de interlingua es que illo debe esser 
presente in formas correspondente e con significa- 
tiones correspondente in al minus 3 del 4 unitates 
de lingua: (1) italiano, (2) espaniol e (0) portu- 
gese, (3) francese, e (4) anglese—con germano e 
russo como substitutos possibile. 

Assi, porque interlingua es le minime denomina- 
tor commun del linguas europee, illo pote servir 
como un lingua ponte natural pro le inter-communi- 
cation, specialmente in le scientias cuje terminolo- 
gias ha lor origine in le linguas europee. 


SPECTROSCOPIA MOLECULAR 


Impressionate per le facile legibilitate de inter- 
lingua, le autor comenciava in maio 1952 le publi- 
cation in iste lingua de un micre periodico, Spec- 
troscopia Molecular. Le contento de iste periodico 
es adaptate al interesse de illes qui face recercas in 
le spectroscopia molecular. Illo contine breve re- 
sultatos de recerca, summarios de articulos impor- 
tante in le litteratura currente, reportos super as- 
sembleas spectroscopic, recensiones de nove libros, 
un calendario de eventos spectroscopic futur, deta- 
lios in re nove instrumentos, e novas in re spectros- 
copistas e disveloppamentos recente. 

Septe volumines de Spectroscopia Molecular, 
comprendente 86 numeros mensual consecutive, ha 
essite publicate usque nunc. Le jornal ha subscri- 
bentes (spectroscopistas, bibliothecas, e laboratorios 
governamental e industrial) in 28 paises. Le sex 
paises con le plus grande numero de subscribentes 
es le Statos Unite de America, India, Anglaterra, 
Germania, Italia, e Switza. Le receptas financiari 
ab le spectroscopistas, bibliothecas, laboratorios, e 
le companias que desira attachar informationes in 
re lor productos, ha essite sufficiente pro coperir le 
costos de publication e pro accumular un fundo de 
reserva pro assecurar publication pro al minus un 
anno in avantia. 

Le experientia de iste micre periodico provide un 
prova convincente del utilitate de interlingua pro le 
intercommunication in le mundo del scientia. 


MONOGRAPHIAS E ARTICULOS 


A parte le periodico justo mentionate, le autor ha 
publicate in interlingua duo micre monographias 
super spectros molecular. Exemplares del prime ha 
essite vendite in 25 statos del Statos Unite e in 17 
altere paises, durante que exemplares del secunde 
ha essite vendite in 15 statos e 9 altere paises. Le 
receptas ab iste venditas coperiva le costo de pre- 
paration e distribution. Etiam publicate in interlin- 
gua es un micre monographia per Hans Selye inti- 
tulate “Le Historia del Syndrome de Adaptation.” 


practically at sight by every educated person. 
The basic criterion for the acceptance of a word 
for the Interlingua vocabulary is that it must be 
present in corresponding forms and with corre- 
sponding meanings in at least 3 of the 4 language 
units: (1) Italian, (2) Spanish and (or) Portu- 
gese, (3) French, and (4) English—with German 
and Russian as possible substitutes. 

Thus, since Interlingua is the least common de- 
nominator of the European languages, it is able to 
serve as a natural language bridge for intercom- 
munication, especially in the sciences whose termi- 
nologies have their origin in the European lan- 


guages. 


SPECTROSCOPIA MOLECULAR 


Impressed by the easy readability of Interlingua, 
the author began, in May 1952, the publication in 
this language of a small periodical, Spectroscopia 
Molecular. The content of this periodical is adapted. 
to the interest of those who are doing research in 
molecular spectroscopy. It contains brief reports of 
new research results, summaries of important ar- 
ticles in the current literature, reports on spectro- 
scopic meetings, reviews of new books, a calendar 
of future spectroscopic events, details about new 
instruments, and news about spectroscopists and 
recent developments. 

Seven volumes of Spectroscopia Molecular, in- 
cluding 86 consecutive monthly issues, have been 
published up to now. The journal has subscribers 
(spectroscopists, libraries, and governmental and 
industrial laboratories) in 28 countries. The six 
countries with the greatest number of subscribers 
are the United States of America, India, England, 
Germany, Italy, and Switzerland. The financial re- 
ceipts from the spectroscopists, libraries, labora- 
tories, and the companies which wish to attach in- 
formation about their products, has been sufficient 
to cover the costs of publication and to accumulate 
a reserve fund to assure publication for at least a 
year in advance. 

The experience of this small periodical provides 
a convincing proof of the utility of Interlingua for 
intercommunication in the world of science. 


MONOGRAPHS AND ARTICLES 


Besides the periodical just mentioned, the author 
has published in Interlingua two small monographs 
on molecular spectra. Copies of the first have been 
sold in 25 states of the United States and in 17 
other countries, while copies of the second have 
been sold in 15 states and 9 other countries. The 
receipts from these sales covered the cost of prep- 
aration and distribution. Also published in Inter- 
lingua is a little monograph by Hans Selye entitled 
“Le Historia del Syndrome de Adaptation.” 
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Plure articulos ha essite publicate in interlingua 
in varie periodicos, incluse duo per le autor intitu- 
late “Communication in le Scientia” (Science 126 
(1957) 64), e “Publication Plus Efficiente in le Sci- 
entia” (Journal of the Electrochemical Society 104 
(1957) , 215C-216C). 

A parte le monographias e articulos, duo discur- 
sos presidential per Dr. William Dameshek a con- 
ventiones del Societate International de Hematolo- 
gia esseva facite public in interlingua. Le titulos 
esseva “Un Seculo de Hematologia: 1856 a 1956”, e 
“Immunohematologia; Evolution de un Concepto.” 


SUMMARIOS 


Forsan le plus grande uso de interlingua usque 
nunc ha essite in le medecina. Plus que 20 jornales 
medical publica summarios in interlingua con omne 
lor articulos original. Isto extende le utilisation del 
jornales. 

De plus, interlingua ha essite usate pro summa- 
rios in le programmas de septe congressos medical 
international. E le Science News Letter publica in 
su ultime numero cata mense un summario in in- 
terlingua de recente disveloppamentos scientific. 


DIVISION DE INTERLINGUA DE SCIENCE SERVICE 


Pro assister redactores e autores qui desira stu- 
diar le possibilitate de accrescer le extension de lor 
labor per le uso de interlingua, Science Service, 
Inc., ha establite un Division de Interlingua. Isto es 
locate a 80 E. 11th St., New York 3, e es sub le di- 
rection de Dr. Alexander Gode, le linguista compe- 
tente qui habeva un grande parte in le disveloppa- 
mento de interlingua. 


USOS FUTUR DE INTERLINGUA 


Jornales de Novas: Il esserea un grande servicio 
e stimulo al scientia si un jornal de novas deveniva 
disponibile in cata campo specialisate. Isto esserea 
legible per le plus grande numero de specialistas si 
illo esseva publicate in interlingua. Le experientia 
de Spectroscopia Molecular prova que un tal jornal 
pote esser legite sin difficultate, que illo pote sup- 
portar se financiarimente, e que illo essera de inter- 
esse e valor al recipientes. I] pare probabile que il 
ha in cata campo specialisate un persona interes- 
sate in le redaction e publication de un tal jornal. 

Jornales de Swmmarios: Le uso de summarios in 
interlingua in le jornales de recerca probabilemente 
va devenir de plus in plus extensive. Etiam de uso 
esserea le establimento de jornales de summarios in 
cata un del campos specialisate. Jornales que co- 
peri un campo complete, tal como Chemical Ab- 
stracts, deveni grande e ponderose; e 90 pro cento 
del contento ha nulle interesse pro un scientista 
particular. De plus, il es un duplication de effortio 
ineconomic e inefficiente preparar jornales de sum- 
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Several articles have been published in Interlin- 
gua in various periodicals, including two by the 
author entitled “Communication in le Scientia” 
(Science 126, 64 (1957) and “Publication Plus 
Efficiente in le Scientia” (Journal of the Electro- 
chemical Society 104, 215C-216C (1957) ). 

Besides the monographs and articles, two presi- 
dential addresses by Dr. William Dameshek, at 
meetings of the International Society of Hematolo- 
gy, were made public in Interlingua. The titles 
were “Un Seculo de Hematologia: 1856 a 1956” and 
“Immunohematologia: Evolution de un Concepto.” 


SUMMARIES 


Perhaps the greatest use of Interlingua up to now 
has been in medicine. More than 20 medical jour- 
nals publish abstracts in Interlingua with all their 
original articles. This extends the usefulness of the 
journals. 

In addition, Interlingua has been used for sum- 
maries in the programs of seven international med- 
ical congresses. And Science News Letter publishes 
in its last issue each month a summary in Interlin- 
gua of recent scientific developments. 


INTERLINGUA DIVISION OF SCIENCE SERVICE 


To assist editors and authors who wish to study 
the possibility of increasing the extension of their 
work by the use of Interlingua, Science Service, 
Inc., has established an Interlingua Division. This 
is located at 80 E. 11th St., New York 3, and is un- 
der the direction of Dr. Alexander Gode, the com- 
petent linguist who had a large part in the develop- 
ment of Interlingua. 


FUTURE USES OF INTERLINGUA 


News Journals: It would be a great service and 
stimulus to science if a news journal became avail- 
able in each specialized field. This would be read- 
able by the greatest number of specialists if it were 
published in Interlingua. The experience of Spec- 
troscopia Molecular proves that such a journal can 
be read without difficulty, that it is able to support 
itself financially, and that it would be of interest 
and value to the recipients. It seems probable that 
there is, in each specialized field, a person inter- 
ested in the editing and publication of such a 
journal. 

Abstract Journals: The use of Jaterlingua ab- 
stracts in research journals probably is going to be- 
come more and more extensive. Also of use would 
be the establishment of abstract journals in each of 
the specialized fields. Journals which cover an en- 
tire field, such as Chemical Abstracts, are becom- 
ing large and unwieldy; and 90 per cent of the con- 
tent has no interest for a particular scientist. More- 
over, it is an uneconomical and inefficient duplica- 
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INTERLINGUA 


marios separate in cata un del varie linguas. Le uso 
de interlingua pro iste objectivo esserea natural e 
efficiente. 


Assembleas International. Il pare probabile que 
le uso de interlingua in le programmas de assem- 
bleas international va crescer. Iste lingua etiam 
esserea de valor in le preparation de plattas de pro- 
jection, etiam si le discurso es presentate in le lin- 
gua native del parlator. Personas plus aventurose 
experimentara con le presentation del discurso 
complete in interlingua. 

Linguas Pro Studentes: Interlingua esserea pre- 
ciose como un del linguas requirite de studentes 
avantiate, proque un cognoscentia del minime de- 
nominator commun del linguas europee facerea 
possibile le comprehension, a un alte grado, del 
plure linguas super le quales interlingua es basate. 


Dictionarios Multilingual: Forsan le plus grande 
servicio de interlingua in le proxime futuro essera 
su uso como ponte inter le linguas national in dic- 
tionarios multilingual. Per exemplo, le autor pre- 
para currentemente un “Dictionario Multilingual 
pro le Spectroscopia” in collaboration con le Redac- 
tores Associate, G. B. Bonino (Bologna), R. Dupey- 
rat (Paris), F. Matossi (Freiburg), J. Morcillo 
(Madrid), H. Stammreich (Sado Paulo), e M. V. 
Wolkenstein (Leningrad); le Consilieros Advisante 
G. Herberg (Ottawa) e R. S. Mulliken (Chicago) ; 
e le Redactor Linguistic, A. Gode (New York). 


Le conceptos essera listate alphabeticamente se- 
cundo le parolas de interlingua. Cata parola in in- 
terlingua essera sequite per le definition in interlin- 
gua. Infra isto apparera le parola correspondente in 
germano, anglese, espaniol, francese, italiano, por- 
tuguese, e russo. 


Pro usar le dictionario, le spectroscopista cercara 
pro le parola de su lingua native in le lista inter- 
lingual, e proxime a 80 pro cento del vices ille tro- 
vara le concepto desirate sin difficultate. Pro alicun 
parolas, ille habera (usque ille deveni familiar con 
le expressiones interlingual) a referer se a un in- 
dice supplementari pro su lingua pro trovar le pa- 
rola interlingual correspondente. Iste indice con- 
tinera solmente ille parolas que ille non pote tro- 
var facilemente in le lista interlingual. 


Con un tal dictionario, le spectroscopista pote 
vader ab cata un del septe linguas a cata altere per 
medio del ponte interlingual. Assi le dictionario 
essera le equivalente de 21 dictionarios bilingual. 

A parte su utilitate como un dictionario, iste lista 
de terminos spectroscopic habera un tendentia ver- 


so le standardisation del usage international in iste 
campo. 


Dr. F. O. Holmes, del Instituto Rockefeller pro 
Recerca Medical in New York, labora super un 
simile “Dictionario Multilingual pro le Virologia de 
Plantas.” Dictionarios in altere campos esserea utile 
e preciose. 


tion of effort to prepare separate abstract journals 
in each of the various languages. The use of Inter- 
lingua for this purpose would be natural and effi- 
cient. 

International Meetings: It seems probable that 
the use of Interlingua in the programs of interna- 
tional meetings is going to increase. This language 
would also be of value in the preparation of lantern 
slides, even if the lecture is presented in the native 
language of the speaker. Persons who are more ad- 
venturous will experiment with the presentation of 
the entire paper in Interlingua. 

Languages for Students: Interlingua would be 
valuable as one of the languages required of ad- 
vanced students, since a knowledge of the least 
common denominator of the European languages 
would make possible the understanding, to a high 
degree, of the several languages upon which Inter- 
lingua is based. 

Multilingual Dictionaries: Perhaps the greatest 
service of Interlingua in the near future will be its 
use as a bridge between the national languages in 
multilingual dictionaries. For example, the author 
is now preparing a “Multilingual Dictionary for 
Spectroscopy,” in collaboration with the Associate 
Editors, G. B. Bonino (Bologna), R. Dupeyrat 
(Paris), F. Matossi (Freiburg), J. Morcillo (Ma- 
drid), H. Stammreich (Sao Paulo), and M. V. 
Wolkenstein (Leningrad); the Advisory Counsel- 
ors, G. Herzberg (Ottawa) and R. S. Mulliken 
(Chicago); and the Linguistic Editor, A. Gode 
(New York). 

The concepts will be listed alphabetically accord- 
ing to the Interlingua words. Each Interlingua word 
will be followed by the definition in Interlingua. 
Below this will appear the corresponding word in 
German, English, Spanish, French, Italian, Portu- 
gese, and Russian. 

To use the dictionary, the spectroscopist will look 
for the word of his native language in the Interlin- 
gua list, and about 80 per cent of the time he will 
find the concept desired without difficulty. For some 
words, he will have (until he becomes familiar with 
the Interlingua expressions) to refer to a supple- 
mentary index for his language to find the corre- 
sponding Interlingua word. This index will contain 
only those words which he will not be able to find 
easily in the Interlingua list. 

With such a dictionary, the spectroscopist will be 
able to go from any one of the seven languages to 
any other one by means of the Interlingua bridge. 
Thus, the dictionary will be the equivalent of 21 
bilingual dictionaries. 

Besides its usefulness as a dictionary, this list of 
spectroscopic terms will have a tendency toward 
the standardization of international usage in this 
field. 

Dr. F. O. Holmes, of the Rockefeller Institute for 
Medical Research in New York, is working on a 
similar “Multilingual Dictionary for Plant Virolo- 
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CONCLUSION 


Si le species human non se extermina con explo- 
siones nucleari e atmospheras radioactive, inter- 
communication inter le gruppos de iste micre pla- 
neta certemente va crescer. Interlingua pare haber 
le qualificationes necessari pro servir como un lin- 
gua ponte inter iste gruppos. II] va sin dicer que le 
avantiamento del scientia crescera parallelmente 
con le crescimento del intercommunication. 


gy” Dictionaries in other fields would be useful and 
valuable. 


CONCLUSION 


If the human species does not exterminate itself 
with nuclear explosions and radioactive atmos- 
pheres, intercommunication between the groups of 
this small planet is certainly going to increase. !n- 
terlingua seems to have the qualifications necessary 
to serve as a language bridge between these groups. 
It goes without saying that the advancement of sci- 
ence will increase in parallel with the growth of the 


intercommunication. 


A one piece plastic molding, believed to be the largest ever made, is 
the basis of the design of a 56 foot patrol launch, the ANTARES, the first 
of three fast patrol launches to be built in England for the Portuguese 
Navy. Molded of "Deborine," basically a polyester resin reinforced with 
glass fibers, the hull was fabricated complete with integral bulkheads and 
fuel tanks. When the contract for these three patrol launches was placed, 
the Portuguese Naval Authority stipulated that the first of the three must 
be ready for trials in 17 weeks. This delivery date was met. The second 
and third vessels, SIRIUS and VEGA, were scheduled for 23 and 28 weeks 
respectively from the date of the contract. The hull is of round bilge form, 
with Bremen bow and radiused transom stern, the skeg and spray chine 
being integral with the full. The deep spray chine serves not only to break 
the bow wave, but it also acts as a fore and aft strength member without 
adding to the weight of the hull. 

Plastic hulls of this type are made in a female mold, a film of colored 
resin being applied to form the outside surface of the hull, and the outside 
film is then backed with a layer of special glass cloth, also impregnated 
with colored resin. The effect of using pigmented resins at this stage is to 
make unnecessary any painting of the hull, although some anti-fouling 


treatment may be needed for surfaces below the water-line. Upon the 
layer of glass cloth are built up successive layers of glass mat impregnated 71 
with polyester resin, until the required thickness has been achieved. This be 
alass mat consists of a mass of short glass threads disposed at random—a mi 
disposition similar to that of the fibers in felt. The tensile strength of the as 
resultant laminate is 20,000 psi in all directions. The deck and superstruc- by 
ture are of marine plywood, the deck having a teak overlay. . 
Integral fuel tanks run the whole length of the machinery space as one a 
center and two wing tanks, and their total capacity of 800 qallons gives ol 
the launch an endurance at full power of about 32 hours. Two flexiblv wa 
mounted and coupled British built Cummins Type NHS6M supercharged the 
diesel engines, each developing 230 bhp at 1800 rpm are accommodated us 
between the fuel tanks and are seated on "Silentbloc" mountings. Princi- pre 
pal features of the craft are: lov 
Length overall 56 ft in 
Beam 15 ft 2 in il 
Draft aft, over skeg 3 ft II in tio 
Displacement, tons 18 ner 
SHP 46N 
Speed on trial, knots 18.3 eql 
—from THE SHIPBUILDER AND MARINE ENGINE-BUILDER ba 
September, 1959 val 
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INTRODUCTION 


‘in ADVENT of the jet airplane, operating from 
both aircraft carriers and land bases, has caused the 
military to take a close look at a problem which has 
assumed serious proportions, i.e., fuel contamination 
by water and dirt. Although cleanliness of aviation 
fuels has always been necessary, the reciprocating 
type engine had a greater tolerance for contamina- 
tion than its newer brother, the turbo-jet engine. In 
addition, the fuels used in the former type engine 
were less prone to contamination. The evolution of 
the jet fuels (JP-4 used by the Air Force and JP-5 
used by the Navy) with their characteristic physical 
properties (increased viscosity and density and 
lower interfacial tension) has produced fuel con- 
tamination problems responsible for major military 
aircraft accidents. Many of these crashes have been 
traced to water contaminated fuel causing ice forma- 
tion in the fuel system and other critical compo- 
nents. 

Although dirt contamination of these fuels is 
equally an important aspect and is under constant 
study, this paper will dwell principally on water-in- 
fuel problems and the research efforts being ex- 
pended to solve them. 


WATER CONTAMINATION PROBLEMS 
IN AVIATION FUELS 


In the past few years a considerable number of 
airplane accidents and near accidents have been at- 
tributed to fuels contaminated by water. The ad- 
vent of jet aircraft, in increasing numbers and oper- 
ating at higher altitudes with attendant low temper- 
atures, has presented the armed forces with a seri- 
ous problem, namely; how can freezing out of water 
from the fuel be prevented? 

Water, when present in fuel, may or may not set- 
tle out in the aircraft’s tanks. This will be dependent 
upon many factors which will be discussed in this 
paper. As the airplane enters freezing temperature 
zones at altitude, the separated water may freeze 
and form ice which can be drawn into one of the 
many small orifices in the fuel system and cause 
power failure. If however this “entrained” water 
does not have sufficient time to settle out before 
freezing, it may coagulate, form slush or small parti- 
cles of ice and snow, suspended in the fuel, and can 
plug filters and fuel screens. The detection and re- 
moval of this contaminant, present in jet fuels in 
quantities ranging from “free” water to dissolved 
water which cannot be visually seen, is being vigor- 
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ously attacked by the Navy, Air Force and others. 
As the commercial airlines obtain more and more 
jet powered aircraft this problem may also confront 
them. It is interesting to note that the missile people 
have also been plagued with this same problem. For 
example, it has been stated that the RP petroleum 
based fuels, which are heavier distillate stocks than 
the jet fuels, have a great affinity and retention for 
water (due to a high density property) and at low 
temperatures the water freezes and fuel clogging oc- 
curs in transfer lines and orifices. 


A compilation of major accidents caused by water 
freezing in fuel lines, filters, metering components, 
etc. has only recently been published. The tracing of 
aircraft accidents and near accidents with contami- 
nated fuel as the primary contributing factor has al- 
ways been and probably always will be a difficult 
task when the remains of a shattered plane are criti- 
cally examined for cause of failure. However over a 
period of several years the Air Force has made a 
careful study of all accidents and has finally at- 
tributed a certain percentage due to water in the 
fuel. According to recently released figures, approxi- 
mately 11% of all Air Force aircraft accidents dur- 
ing the years of 1957 and 1958 have been traced to 
fuel system icing as primary cause. Over this period 
approximately 37 of the 352 accidents were reported 
to have occurred in large jet planes. Although the 
larger ships, such as bombers and tankers which 
consume and deliver enormous quantities of fuel 
and remain at freezing altitudes for long periods of 
time, show a tendency to be more prone to this type 
failure, fuel icing is not confined to any one type or 
class of aircraft. Any plane, operating with jet fuels 
at high altitudes or in sub-freezing atmospheres, can 
become a potential victim of icing. High flying air- 
planes in the arctic regions can, for example, be sub- 
jected to temperatures of —48°F at 30,000 feet alti- 
tude while at 35,000 feet the temperature can plunge 
to —66° F. At higher altitudes, which present day 
aircraft easily reach, the temperature is even lower. 

The seriousness of this problem, along with the 
accompanying problem of dirt contamination, was 
recognized several years ago by the Navy. However 
with the arrival of the newer and more dense jet 
fuels (kerosene type JP-5) these problems have be- 
come more predominant and more research is being 
undertaken to solve the many difficult problem areas 
appearing. Research efforts are being undertaken by 
private contract research organizations and govern- 
mental agencies with the principal naval efforts be- 
ing centered at the Naval Research Laboratory, 
Washington, D. C. and the U. S. Naval Engineering 
Experiment Station, Annapolis, Md. and sponsored 


by the Bureau of Ships and the Bureau of Aeronau- 
tics. 


42 A.S.N.E. Journal, February 1960 


NATURE AND “FORMS” OF WATER 
FOUND IN JET FUELS 


T~ understand more fully the problems and diffi- 
culties confronting researchers engaged in efforts to 
detect and remove water from jet fuels, and the 
companion problem of maintaining “water free” 
fuel, it will be necessary to define and explain the 
nature, form and state of water found in these fuels. 

Water can be present in fuels in the following 
forms: 

1. Free and/or entrained (droplets, solid layer or 
a milky, hazy cloud). 

2. Dissolved (invisible). 

Free and/or entrained water in fuel can normally 
be recognized and seen, and ordinarily is in the 
easiest state for removal from the fuel. Dissolved 
water, however, is the most difficult to detect, con- 
trol and remove. Due to its “unsteady” state, nature 
and potential hazard when present in fuels in mi- 
nute quantities (usually expressed as parts per 
million) , this paper will concentrate upon its forma- 
tion, detection and approaches being followed and 
developed for its control and removal. 

For aid in understanding and clarity of definition, 
free or entrained water will be defined as water 
present in the fuel as a solid separate body, seen as 
an emulsion or in the form of droplets. It can also be 
found as a cloud or suspension of minute water 
globules, finely dispersed in the fuel. This form can 
be produced when turbulence in the fuel breaks up 
any “solid” water that exists in the fuel tank or 
when water is condensed on the walls of the tank. 
This water will usually settle out of the fuel when 
the temperature is lowered or when other conditions 
are present. 

Dissolved water, on the other hand, is an invisible 
cloud of superfine particles which can be made visi- 
ble by chilling the fuel and invisible by heating the 
fuel. It can be compared to the humidity phenome- 
non that air exhibits. Chilling moisture laden air 
causes condensation of visible water particles while 
heating of the air causes evaporation of the mois- 
ture. The amount of water absorbed by the fuel is 
dependent upon the temperature and constituents 
of the fuel. 

In the following sections of this paper the dif- 
ferent forms of “water-in-fuel” will be discussed in 
detail along with methods being developed to con- 
trol and remove water. 


PROBLEMS WITH FREE AND ENTRAINED 
WATER IN JET FUEL 


The military services are taking positive steps to 
remove as much water as possible from the fuel be- 
fore it reaches the aircraft. The detection and re- 
moval of this contaminating material from the fuel 
prior to aircraft fueling, however, presents an equip- 
ment problem and, probably as important, a person- 
nel education problem. All the most accurate detec- 
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tion methods and the most refined water removal 
equipment available or devised will be useless if 
personnel responsible for handling and servicing 
fuel facilities fail to exercise every precaution to 
maintain the desired quality of fuel. 

In addition to the personnel handling fuel and 
servicing the planes, the Bureau of Aeronautics, 
Navy Department has insisted that the pilots be 
made cognizant of the importance of obtaining clean 
fuel. This Bureau in its efforts to call attention to 
the seriousness of this problem tells the pilots not 
to accept fuel unless it is “clean, bright and contains 
no free water.”! Fuel containing a cloud is not ac- 
ceptable, whether it is due to water or sediment con- 
tamination. When “clean and bright” fuel cools, a 
light cloud may form indicating that dissolved water 
has precipitated out. Even this slight amount is not 
desirable (as will be seen later) in fuel delivered 
to aircraft for it can cast doubt on the quality of the 
fuel. To this end the Bureau of Aeronautics issues 
a “contamination Table” for the guidance of all per- 
sonnel.' Some of the content material is listed in 
Table I. 


The present method used by the Navy for the 


detection of free or entrained water is basically by 
visual means. When a carrier is receiving a ship- 
ment of jet fuel from a tanker a sample of this fuel 
is taken and inspected visually. If the fuel is cloudy 
it is heated to about 25° F above the ambient tem- 
perature and water detection is determined by 
whether the cloud settles or disappears. If the fuel 
is cloudy and the cloud rises, it is considered to be 
air—if it settles it is considered to be water. If the 
cloud disappears when the fuel is warmed to the 
prescribed temperature the fuel is accepted. If the 
cloud settles the fuel is pumped overboard until an- 
other test shows that water-free fuel is being de- 
livered. However this test cannot be sure for several 
reasons, i.e., the fuel can contain entrained or dis- 
solved water that is not visible to the eye (this will 


Type of Contamination Dissolved Water 


Appearance 


Not visible 


TABLE I 
CONTAMINATION TABLE 


Free Water 


Light cloud, heavy cloud, droplets adher- 


be more fully discussed later) or cloudy fuel may 
not clear up for hours but will remain in the sus- 
pended state. A simple water detection device is be- 
ing evaluated at EES at the present time. It consists 
of a dye-impregnated cartridge that changes color 
upon passage of water contaminated fuel. According 
to information received, if the suspended water con- 
tent is greater than 30 ppm the dye changes color. It 
has been shown that this device produces a color 
change when the fuel contains as little as 15 ppm.” 
The naked eye cannot detect fuel cloudiness below 
50 ppm suspended water. Further work is being con- 
ducted to determine the shelf life of this dye car- 
tridge and any potential interference cause by fuel 
additives. 

The Air Force recommends that fuel storage tanks 
be checked daily and after each new shipment. 
“Water finding” paste is used to detect the presence 
of free water. This paste is applied to a gauging tape 
which is lowered into a supply or storage tank and 
if free water is present a sharp line of color change 
is noted on the tape upon withdrawal. 


Free water removal from storage and supply tanks 
can usually be accomplished readily when its pres- 
ence is detected. However the removal of this water 
from some aircraft tanks is difficult because of their 
integral structural features. Although filter-separa- 
tors are used aboard aircraft carriers and on land 
base stations to remove dirt and free water from jet 
fuels before pumping the fuel into the plane’s tanks, 
water can still be present due to the dissolved water 
found in the fuel, condensation in the tanks or faulty 
filter-separator elements. Entrained water can be 
formed when fuel pumping causes turbulence in the 
fuel and any free or condensed water is agitated by 
this movement. The suspended particles of entrained 
water cause the fuel to appear milky or cloudy, the 
degree of cloudiness varying with the amount of en- 
trained water. Large particles can settle out of fuel 


Water-in-Fuel Emulsions 


Light cloud, heavy cloud 


ing to sides of sampler, gross amounts 


Characteristics Precipitates out as cloud 


when fuel is cooled 


Effects on aircraft | None, unless precipitated 
out by fuel cooling. Can 


cause ice to form on filters 


settled on bottom 


Free water may be salt or fresh water, 
cloud indicates water-in-fuel emulsion 


Icing of fuel system usually on low pres- 
sure fuel filters: Fuel gage readings er- 
ratic, gross amounts of water can cause 


Finely divided drops of water 
in fuel, some as cloud. Will 
settle to bottom in minutes, 
hours or days depending upon 
nature of emulsion 


Same as free water 


flame-out, salt water will cause corrosion 
of fuel system components. 


Limits Any amount up to satura- 


ZERO—fuel must be clean bright and 


Same as free water 


tion contain no free water 
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that remains undisturbed. The time to settle will de- 
pend upon the amount of water present, the size of 
the water particles, the fuel depth-surface area ratio 
in the tank and the eddy currents formed in the 
fuel. Some researchers have found that this water 
settling rate through the fuel has varied from about 
4 inches per hour to one foot per hour.’ The particle 
size of these droplets has been measured and has 
been found to be as small as 0.05 microns in diam- 
eter (one micron equals 0.000039 inches). Although 
these particles are small enough to pass through fil- 
ters, an accumulation of them from large volumes of 
fuel can partially or completely freeze up fuel con- 
trol devices or fuel filters. (See Figure 1). It has 
been found that particles that are colloidal in size 
(less than 0.05 microns diameter) will not settle out 
of the fuel but will remain suspended in the solu- 
tion until the excess water is dissipated into the 
surrounding atmosphere. It can thus be seen that 
the formation of entrained water and the problems 
associated with its removal from jet fuels can pre- 
sent many difficulties. 


Ice formed from col lodial 
water particles 


Figure 1—Ice Formation on Fuel Oil Filter. 


NATURE AND STATE OF DISSOLVED 
WATER IN JET FUELS 


When a fuel is exposed to the atmosphere, mois- 
ture can be taken in and retained by the fuel in the 
same way moisture is absorbed and held in the air. 
The water content of the fuel will attempt to come 
to equilibrium with the water content of the sur- 
rounding air. The amount of water a fuel will hold 
is dependent on: (a) the temperature of the fuel, 
(b) the temperature and humidity of the surround- 
ing air and (c) the chemical composition of the fuel. 
Henry’s Law predicts the phenomenon of equili- 
brium between the water and fuel. This law states 
that the concentration of a gas dissolved in a liquid 
is proportional to the concentration of that gas, in 
the gaseous phase, in equilibrium with the liquid. 
In other words, for fuel-water solutions or mixtures 
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this law relates the weight or concentration of water 
dissolved in the fuel to the partial pressure of water 
vapor present in the air above the fuel. The partial 
pressure of the water vapor in the air is directly re- 
lated to the relative humidity at the same tempera- 
ture. Therefore as the humidity of the air decreases 
water molecules will be released from the fuel to the 
air. The reverse action takes place when the hu- 
midity of the air increases. However the attainment 
of a steady state condition is also dependent upon 
the cooling or heating rate of the fuel. The slower 
the temperature change the more efficient the water 
exchange between the fuel and the air. On the other 
hand, a rapid temperature change reduces the inter- 
change and may cause supersaturation or the forma- 
tion of a cloudy fuel. For example, when jet fuel is 
cooled rapidly the force leading to the loss of dis- 
solved water—or the decrease in partial pressure of 
the water vapor in the air—will not have sufficient 
time in which to produce steady state conditions. 
When this happens the fuel will tend to reject ex- 
cess water. When these water particles are present 
the fuel can appear cloudy or milky. Some research- 
ers have found that these excess water particles are 
less than 0.05 micron diameter in size and will not 
settle out of solution but will remain in suspension 
in the fuel until heated or left to disperse into the 
atmosphere. The disappearance of this cloud of su- 
perfine particles might also be caused by coalescence 
of the particles, settling and deposition on the sur- 
face of the container. The minuteness of these water 
particles makes the study of their behavior difficult. 

Laboratory tests have shown that the evaporation 
rate of these particles in the suspension can take 
place slowly.* This is illustrated by the curve in Fig- 
ure 2. 
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Figure 2—Evaporation Rate of Suspended Water in Jet Fuel. 


To illustrate the action of water precipitating out 
of fuel when the fuel is cooled, some simple experi- 
ments were conducted. A sample of JP-5 fuel was 
saturated with water (it contained 83 ppm of water 
at 90° F) and then cooled to —20° F. At approxi- 
mately 64° F the first appearance of a visible cloud 
took place when the fuel reached a temperature of 
64° F. Figure 3 shows the results of the experiment. 
The fuel in the sealed bottle on the left was satur- 
ated with water at 90° F. The fuel is clear and trans- 
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were 


Figure 3—Effect of Temperature on Water in Fuel. 


parent although it contains 83 ppm of dissolved 
water. The same bottle is shown on the right when 
the temperature was dropped to 64° F. This drop in 
temperature caused the fuel to reject excess dis- 
solved water which appears as a cloud of superfine 
water particles which did not settle out of the fuel. 

A “dry” fuel (containing 11 ppm water) was also 
subjected to a similar test. At approximately 10° F 
a faint tenuous cloud was noted forming. Lowering 
the fuel temperature to —40° F did not seem to pro- 
duce any visible change in the density of this cloud. 
Warming the fuel back to room temperature pro- 
duced a clear transparent solution. 

Other laboratories have shown the presence of 
liquid water and snow-like material in saturated jet 
fuels. Fuels cooled to 0° F when examined by micro- 
scope and a Tyndall beam showed that the sus- 
pended water was in a droplet state, while at low 
temperatures (—60° F) the presence of white cry- 
stalline particles was noted. 

As previously mentioned the ability of jet fuels 
to hold dissolved water will vary with the tempera- 
ture and composition of the fuel. This is illustrated 
in Figure 4 which shows the solubility of water in 
aviation fuels.** For example, JP-4 fuel at 90° F 
can hold about twice as much water as it can at 
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Figure 4—Solubility of Water in Aviation Fuels. 


60° F. (The solubility of water in JP-5 type fuels, 
for practical purposes, is similar to kerosene). At 
lower temperatures this difference can be even 
greater. This indicates that if “dry and cooled” fuel 
could be delivered and retained in the aircraft’s 
tanks, the water precipitation problem could be 
drastically minimized. These fuels show a range of 
solubility which is chiefly due to the varying chemi- 
cal composition of the fuels. In general JP-4, for 
the same temperature, appears capable of holding 
more water than JP-5. Work done by several gov- 
ernment research laboratories showed that the solu- 
bility of fuels increase as the H/C weight ratio de- 
creases—or stated another way—as the aromatic 
content of a fuel increases the solubility of water in 
the fuel increases. This is also shown by Figure 4. 
The following sections will discuss the methods 
and techniques in use and under study to prevent 
icing problems in jet fuel systems and methods for 
removing dissolved water from these fuels. 


USE OF ADDITIVES FOR THE PREVENTION OF 
ICE FORMATION IN FUEL SYSTEMS 


The clogging of fuel filters by ice forming from 
water in the fuel has been the subject of much in- 
vestigation in this country and abroad. One aircraft 
concern has found that water in the fuel can freeze 
and clog a micronic type filter at approximately 
15°F. This clogging was prevented by addition of 
small amounts of alcohol.® Low temperature studies 
of fuel handling by the Air Force using JP-1 fuel 
showed that ice formed in the fuel system of a jet 
fighter with an accompanying substantial loss of en- 
gine power. The injection of alcohol at the booster 
pump inlet screen cleared the fuel system of ice.’ 
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Studies abroad showed that the addition of about 
0.5 to 1 per cent of isopropyl was an effective anti- 
freeze for temperatures as low as —58°F. Industry- 
conducted tests have indicated that severe icing is 
confined to a temperature range of +20° to —20°F. 

Several methods have been suggested for the pre- 
vention of filter icing at low temperatures. Additives 
in the form of chemicals which remove water by 
adsorption or reaction are under study and the use 
of additives to reduce freezing point temperatures is 
also being studied. 

Research efforts towards the use of chemicals as 
water scavengers is based on the theory that the 
control of the dissolved water in fuel can be attained 
by employing certain chemicals. These agents should 
be capable of reacting favorably with the water with 
no harmful side effects, such as formation of insolu- 
ble products, corrosive products or slow reaction 
rates. Some compounds that appeared to possibly 
offer the best success were evaluated in laboratory 
tests.’ Among some of the materials investigated and 
found most effective and promising were aluminum 
ethoxide, aluminum isopropoxide and dimethyl] sul- 
foxide. The aluminum compounds reduced the fuel 
water content to less than 10 per cent of saturation. 
One of the reaction products formed was an alcohol 
which would provide added protection as an anti- 
freeze material. Unfortunately, the other product 
was a very fine aluminum hydroxide which would 
necessitate filtration for its removal from the fuel. 
With dissolved water the sulfoxide compound 
formed a hydrate which was in the form of large 
crystals at temperatures above the freezing point of 
water. Although this work showed that this ap- 
proach was feasible the reaction products formed 
could constitute undesirable practical problems of 
usage and control. 

For a substance to be a good antifreeze material it 
should possess the following properties: 

a. Be noncorrosive. 

b. Be a good freezing-point reducer. 

c. Produce no serious effects on combustion of 

fuel. 

. Have good stability in the fuel. 

. Be soluble in water and fuel. 
Have low cost. 

. Be non-toxic. 

The use of a material as an antifreeze agent can 
be based on two concepts: (a) the material reacts 
with the water and causes separation of the water 
from the fuel and (b) the material dissolves in the 
fuel, absorbs the water, with no phase separation 
and passes through the engine without any trouble. 
The first concept requires that the antifreeze ma- 
terial be highly hydrophylic and have a proper par- 
tition coefficient between water and fuel so that the 
separated phase will contain a high concentration of 
the additive. This type of compound cannot be ex- 
pected to have a high degree of solubility in the fuel. 

Some studies with various alcohol compounds 
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were conducted by NRL.* Both filter clogging and 
miscibility investigations were conducted. Filter 
tests were conducted at a temperature of —20°F 
with saturated fuel to which various amounts of 
anti-freeze type materials were added. A 10 micron 
size filter was utilized and the pressure drop across 
the filter was varied for each run. Miscibility studies 
were also made by measuring the temperature at 
which the first visible indication of phase separation 
occured when a fuel-alcohol-water mixture was 
slowly cooled. Methyl, ethyl and isopropyl alcohols 
plus ethylene glycol (used in most permanent type 
antifreeze materials) were used in these studies. 

Table II shows results that indicate the addition 
of 1 per cent additive to be effective in preventing 
ice clogging. To maintain flow through the filter the 
pressure drop across the filter varied from 0.16 to 
0.44 psi. This was attributed to the variation in vis- 
cosities of the materials and the formation of various 
amounts of aqueous phases which collected on the 
filter to hinder fuel flow. The higher the viscosity 
the greater the pressure for a given flow. Results 
showed that methyl] alcohol seems to be a good anti- 
freeze agent even when added to the fuel in small 
quantities. 


TABLE II 
Effect of Additives on Filter Clogging 


Additive Additive in Temp. Max. pressure Total flow at 
Fuel, % “7 drop applied, max. pressure 
psi ml. 
Methyl alcohol 1.0 —m 0.16 1750* 
0.1 “ae 0.38 1600* 
Ethyl alcohol 1.0 —20 0.19 1600* 
0.1 —20 1.30 1750* 
Isopropyl alcohol 1.0 —20 0.25 1820* 
0.1 =i 3.00 475 
Ethylene glycol 1.0 —20 0.44 1450* 
None 3.00 145 


Note—* indicates no tendency to clog 


Miscibility studies showed the pronounced effect 
small amounts of water have on the mixing of alco- 
hols with fuel. Methyl alcohol indicated the best be- 
havior in these studies. For example, methyl alcohol 
containing 1 per cent water was not completely mis- 
cible at 100°F when 0.1 per cent of this alcohol was 
added to the fuel while this same alcohol containing 
0.04 per cent water was completely miscible when 
0.8 per cent of the alcohol was added. This same 
trend was noted for the other alcohols but to a lesser 
degree. 

Although these studies indicated methyl alcohol 
to be generally the best antifreeze agent, it also ex- 
hibited the poorest solubility in the fuel. In addition 
it could be lost readily from the fuel solution to any 
water present since it is highly hydrophylic. Again 
the quantity of water present in a fuel system would 
be the basic criterion for evaluating and judging al- 
cohols as antifreeze materials. The methods of han- 
dling and using these materials would be important 
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factors. One method suggested to prevent leaching 
by water would be to keep the additive separate 
from the fuel until it is needed. This might be ac- 
complished by injecting the additive directly into 
the fuel when the pressure drop across the filter in- 
dicated ice clogging. This was done effectively in 
laboratory tests conducted by the Air Force.’ Prob- 
lems of storage, tank capacity, injection (either 
manual or automatic) would be practical determin- 
ing factors to be considered in the use of additives 
as anti-icing agents. 


FUEL ICING PREVENTION BY HEAT PRODUCTION 


An anti-icing system suitable for use by the mili- 
tary and commercial carriers could be the utilization 
of fuel heaters. These heaters could be installed di- 
rectly in the low or high pressure fuel system and 
could utilize a hot air or lube oil source as the heat 
transfer medium. Navy fuel heater specifications re- 
quire a heater to perform with fuel temperatures as 
low as —40°F while the Air Force requires a tem- 
perature of —60°F. The heater pressure drop must 
by necessity be a low value (in the range of 1 psi) 
in order that the engine operation not be seriously 
affected in event of fuel booster pump trouble. 

Heaters incorporating hot air can receive this me- 
dium from the engine compressor. A portion of the 
discharge air from the compressor (at temperatures 
ranging from 200° to 600°F) can be bled to the 
heater upon demand. It has been claimed by some 
heater manufacturers that at maximum fuel heat- 
ing conditions the air requirements from the com- 
pressor are in order of 3 per cent of the total engine 
air flow. Since this requirement is intermittent, de- 
pending upon the temperature control requirements, 
the engine performance should not normally be se- 
riously affected. One manufacturer claims that this 
type heater (a plate-fin design) made of non-ferrous 
materials and mounted on the engine, weighs as lit- 
tle as 4 pounds.’ 

The thermal stresses to which an air-fuel heater 
would be subjected are great and could cause a 
structural design problem. Based on temperature 
gradients varying from about —60°F fuel tempera- 
ture to 600°F air temperature, it can be seen that 
for maximum reliability a rugged structure would 
be a “must”. A more conservative weight estima- 
tion for such a heater would be about 4 or 5 times 
the above stated weight. 

Heaters using the engine lube oil as a heating 
source are limited because sufficient heat from the 
oil is usually not available. The temperature of this 
oil, for use in the heater, is normally below 250°F. 
This temperature accompanied by a relatively low 
flow rate would necessarily cause a larger heat 
transfer area requirement which would produce a 
larger structure. This type heater would normally 
be a tube-shell type with the fuel flowing through 
the tubes and the lube oil heating medium flowing 


on the outside of the tubes. For maximum efficiency 
the lube oil should flow counter to the fuel or nor- 
mal to the tubes depending on the particular baffle 
arrangement design. It is estimated that the weight 
of this type heater would be at least 50 per cent 
more than the gas-liquid heater. Figure 5 shows a 
typical flow-temperature arrangement for a air-fuel 
heater. 


AIR OUT (100°F) 


FUEL OUT = IN 
(35°F) (-50°F) 


AIR IN (500°F) 
Figure 5—Air-Fuel Heater. 


Whether all military type aircraft can and would 
tolerate the added excess weight requirements in- 
curred by the addition of one or more heaters is a 
question that cannot be answered in this paper. It is 
known that the larger and heavier type jet aircraft 
are incorporating heaters as standard equipment. 
The new commercial jet airliners also have them in- 
stalled. Recently it was stated that besides high 
weight limitations, in some cases the heaters also 
present a fire hazard and disrupt the weight and 
balance of existing aircraft. 

To prevent icing it could be possible to supply 
heat to the fuel filters to keep any water present in 
a liquid state and permit it to pass to the combus- 
tion chambers with the fuel. The heat required 
would be dependent upon the amount of water pres- 
ent in the fuel, average icing temperatures including 
the fluctuation in temperature of the fuel under ex- 
tremely cold conditions, fuel consumption, etc. 

A knowledge of this information would permit 
calculations to be made to estimate the heat re- 
quired to melt ice formed on the filters or to pre- 
vent icing. Filter elements could be heated directly 
by electrical means, by thermal heat from the en- 
gine or some other independent source. In addition 
the fuel tanks might be heated directly to obtain a 
fuel temperature of over 32°F. 

Based on some assumed conditions, the following 
calculations produce some interesting conclusions. 

Conditions: 


Fuel rate 200 gpm 

Water in fuel 0.01 per cent (100 ppm) 
Specific gravity of fuel 0.82 

Specific heat (c,) of 

ice at —30°C 0.45 cal./gram/°C 


Fuel rate=200 x 231 x 16.39=756,760 cm*/min. 
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Water rate (M) =756,760 0.0001 x0.82=62 gms 
water/min. 
Assuming this water is deposited as ice on the 
filter at —30°C (—22°F), to liquify this ice to 
0°C, the heat required is: 
cal/min=Q=c,MAT+H,;M where H;=latent heat 
of fusion=80 cal/gm 
Heat required=0.45 x 62 x 30+80 x 62=5800 cal/min 
(23 Btu/min) = (5800 x 4.18) /60=404 watts 
Let us assume that power for this heat is availa- 
ble from a typical 24 volt aircraft electrical system. 
The electrical requirements would then be: 
P=VI=RI’ in watts 
or 
I=P/V=404/24=17 amps 
R=P/I?=404/289=1.4 ohms 
On the other hand to heat the entire mixture of 
fuel and water to prevent ice from forming at the 
same conditions, the heat required is: 
9.5<10° cal/min or 3800 Btu/min or 664,000 watts 
The above calculations show that for the assumed 
conditions the heat requirements would not be un- 
reasonable or difficult to attain, although the heat 
required from an electrical source, such as a bat- 
tery, for the latter case certainly would be unavail- 
able. 


REMOVAL OF WATER BY REFRIGERATION METHODS 


The removal of water from jet fuels could be ac- 
complished by using principles of refrigeration, i.e., 
chilling the fuel so as to reduce solubility of water 
in fuel and releasing it out of solution as free water 
and/or ice. The formation of free water or ice would 
be dependent upon the amount of water originally 
in the fuel, the desired “dryness” of the final pro- 
duct, the refrigeration temperature range, the size, 
capacity and heat transfer characteristics of a heat 
exchanger and the refrigerant used. If ice were 
formed, fouling of the heat transfer surfaces would 
be present and means would have to be provided to 
remove this ice. Ice formation on these surfaces 
would decrease the rate of freezing. This action 
would have to be combatted by removing the ice as 
it forms or by controlling freezing so that the ice 
separates as free crystals in the bulk of the solution. 

Removal of water could be accomplished by (a) 
chilling the fuel and removing the free water by 
mechanical means or (b) chilling the fuel to freeze 
out the water and removing the ice by mechanical 
means. 

Water solubility data for a JP-5 type fuel shows 
that a temperature of approximately 10°F or less 
will limit the dissolved water content to about 20 
ppm (See Figure 4). Method (a) would therefore 
require chilling the fuel to 10°F to reach the de- 
sired dryness cf the fuel. This would probably re- 
quire as much refrigeration equipment and energy 
as the freezing method (b). It is also possible that 
some amount of freezing would appear at the low 
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Figure 6—Jet Fuel Dehydration by Refrigeration. 


end of the temperature range. The mechanism of 
water freezing in water-fuel solutions is not well 
understood and considerable research would have 
to be undertaken to find the answers. 

A possible operating system is illustrated in Fig- 
ure 6. In this system the cooling range is arbitrarily 
assumed to be 10°F for which condition the esti- 
mated power required by the refrigerator compres- 
sor is about 86 hp.’® This system is based on an over- 
all cooling of 10°F—the fuel fed to the cooling 
system is at 90°F and it is delivered to the service 
tanks at 80°F. Unfortunately, by using conventional 
tube and shell type heat exchangers with reasonable 
flow velocities, the surface area for a unit capable 
of supplying 200 gpm of “dry” fuel is over 2000 sq. 
ft. However by the use of more efficient plate-fin 
exchangers, this surface area could be reduced con- 
siderably. Laboratory studies would be necessary to 
establish more accurately the unknown variables in 
order to obtain the most efficient and compact heat 
exchanger. 

Although the method of refrigeration could be de- 
veloped to be an efficient method of removing water 
from these fuels and might possibly be suitable for 
shipboard installation, it is questionable that this 
system would be considered. Other methods of de- 
hydration, as described in this paper, appear to be 
much simpler in operational procedures and less de- 
manding in equipment requirements. 


REMOVAL OF WATER FROM JET FUEL 
BY VACUUM DEHYDRATION 


Separation of water from fuel by removing it in 
the form of a vapor instead of liquid is the basic 
principle used in vacuum dehydration. By this 
method water can be removed from fuel without re- 
gard to the degree of emulsification and amount 
present since vaporization is independent of the 
force of gravity. 

The saturation curve for water is shown by Fig- 
ure 7. This figure illustrates the temperature-pres- 
sure relationship under which the liquid and vapor 
states of water remain in equilibrium. Experiments 
have shown that a fuel-water mixture does not fol- 
low the water equilibrium curve. At atmospheric 
pressure much higher temperatures than the boiling 
point of water are required to completely “strip” 
the water from the fuel. Evaporation of water from 
fuels at atmospheric pressure would involve tem- 
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Figure 7—Saturation Curve for Water. 


peratures too high for safe processing of the fuels. 
It is necessary to lower the temperature by carrying 
out the dehydration under reduced pressure. 

To procure a process of practical value the rate 
of vaporization has to be greatly accelerated since 
the time factor required for this “boiling” would be 
considerable if the water-fuel system was main- 
tained under static conditions. To accelerate the 
transfer of water particles to the fuel-water inter- 
face, it is necessary to reach the greatest degree of 
turbulence with the fuel droplets. This can be pro- 
duced by either distributing the fuel in a thin layer 
over a large surface area to extend the exposure 
time of the drying action (and to improve heat 
transfer action between the water and fuel droplets) 
or by spraying fuel droplets of fine consistency so 
as to produce relatively large surface areas and re- 
duce the cohesive forces which attract the molecules 
of the liquid. 

Vacuum dehydration of oils is an old, well known 
method of removing water and separating emulsions. 
It is being used by industry in turbine lubricating 
systems, synthetic oils, vacuum pump and compres- 
sor oils, hydraulic systems, refrigerating system oils, 
etc. 

This principle was used for the removal of en- 
trained and dissolved water from JP-5 fuel in stud- 
ies conducted by the author at EES."' Results of 
these tests are discussed in the following sections. 

The effectiveness of this principle was determined 
by tests conducted with a laboratory scale model of 
a vacuum dehydrator. The effectiveness of the de- 
hydrator was based on its ability to produce “dry” 
JP-5 fuel containing less than 20 ppm water (0.002 
per cent weight). This is approximately equivalent 
to the saturation limits of JP-5 type fuels between 
the temperatures of 0 to 25°F. The laboratory model 
used in this investigation consisted of a small stain- 
less steel tank having a top mounted motor-driven 
fuel atomizing rotor which sprayed the “wet” fuel 
into the evacuated chamber. Removal of vaporized 
water and other gases was accomplished by a vac- 


uum pump. Tests were made at a continuous fuel 
rate of 0.5 gpm at an operating pressure of 0.5” Hg 
(absolute). Condensable vapors were recovered by 
passing the released gases through a baffled con- 
densor. The results of the tests are shown in Figure 
8, which is a plot of the runs made at different pres- 
sure conditions with varying water concentrations 
in the feed. Runs made with the water content 
above 100 ppm were to measure the ability of this 
unit to remove free or entrained water. Results 
show that satisfactory water removal may be ex- 
pected for fuels containing up to about 100 ppm of 
dissolved water at pressures of 0.5 to 3.0” Hg (ab- 
solute). Satisfactory removal of free or entrained 
water could be obtained if recirculation were used. 
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Figure 8—Dehydration of JP-5 Fuel by Flash Evaporation. 


Since vaporization of light ends from the fuel 
might be expected at these low pressures, this prob- 
lem was also investigated. Two approaches were 
used to estimate light ends loss—measurement of 
fuel condensed from vapors in a cold trap (located 
in the vacuum pump suction line) and comparison 
of analytical distillations of the feed and product 
fuels. Figure 9 shows the effect of operating pres- 
sure on amount of vapor carry-over condensed in 
the cold trap. This data shows that the amount of 
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Figure 9—Effect of Pressure on Carry-Over of Condensa- 
ble Vapors. 


vapor carry-over at a pressure of 0.5” Hg is about 
seven times as much as was found at a pressure of 
3” Hg. 

Calculations of these losses of vapor were made 
also from the analytical distillation data on feed and 
product fuels. The basis of these is shown in Figure 
10 which shows the distillation curves of feed, prod- 
uct and hydrocarbon condensate recovered from the 
condenser. The light end losses calculated from 
these curves were approximately 0.3 per cent and 
were all in the first 35 per cent of the distillation 
range. The curve for the condensate removed indi- 
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10—Analysis of Light Ends Loss, Fuel JP-5. 
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cates that the carry-over was essentially all vapors, 
with few if any entrained droplets of fuel. The most 
significant evidence of this is that the end point tem- 
perature of the condensate distillation curve almost 
coincides with the temperature at which there is a 
merger of feed and product distillation curves. 
Analysis of the feed and product fuels showed that 
the light end loss did not have a significant effect on 
the fuel’s ability to conform to specification limits 
on distillation range or freezing point temperature. 

The amount of light end loss due to low pressure 
vaporization could be a significant factor in ship- 
board operation of this type of dehydration system. 
These tests showed that approximately 0.3 per cent 
by volume of the fuel processed would be removed 
in the form of a light hydrocarbon which has a very 
low flash point. If disposal is required, means 
such as overboard dumping of the mixture of liquid 
and vapor or return of the condensed liquid to stor- 
age tanks under controlled conditions appear to be 
practical means of handling. Both of these solutions 
have problems in assuring safety. 

It is interesting to note the large volume of water 
vapor that is generated under low pressure condi- 
tions. Figure 11 shows the volume of water vapors 
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Figure 11—Vapor-Liquid Volumetric Ratio for Water in 
Jet Fuel (JP-5). 
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produced from a “wet” fuel by low pressure va- 
porization. These values serve to indicate the size 
of vacuum equipment required—vacuum pump, 
steam or water ejectors—based on quantity of water 
vapors produced. One would also have to know the 
amount of light end vapors and air released under 
similar reduced pressure conditions. Some recent 
studies made at EES have indicated that controlled 
air leakage into an evacuated system appears to be 
a factor in effectively “stripping” water from the 
fuel, at higher pressures. Other tests are still in 
progress to develop practical design parameters and 
develop scientific data. 


REMOVAL OF WATER BY DIRECT 
CONTACT DESICCATION 


Removal of moisture from air streams, natural 
gases and liquid hydrocarbons by the use of ad- 
sorbent beds of solid desiccants has been standard 
practice in both industry and laboratories for many 
years. 

Some of the advantages of solid desiccants for the 
removal of water from gases and liquids include 
their ability to adsorb large amounts of water, long 
life by regeneration and use in high pressure sys- 
tems. Figure 12 shows the comparative efficiencies 
of various dehydrating agents used for removing 
moisture from air. It is interesting to note that one 
of these desiccants (an original charge) is still per- 
forming satisfactorily after more than 20 years of 
service in drying annealing furnace gases.’* 

The useful capacity of a solid desiccant is affected 
by: 

. Bed depth and size of desiccant material 

. Contact time and liquid velocity 

. Temperature and operating pressure 

Inlet and exit water concentrations 
Regeneration temperatures and heating me- 
dium 


CALCIUM CHLORIDE, ANHYD. 
2- POTASSIUM HYDROXIDE 

3-SILICA GEL 

4-CALCIUM SULFATE, ANHYO. 

5- CALCIUM OXIDE 

6- ACTIVATED ALUMINA 

7-BARIUM OXIDE 


| 


BUREAU OF STANDARDS 
33,199 (1944) 


° ° 


RESIDUAL WATER, MG/LITER 
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Figure 12—Comparative Efficiencies of Various Dehydrat- 
ing Materials (Air Drying). 


The process requires periodic regeneration or re- 
activation by heat at temperatures ranging from 
about 250° to 700°F depending on the particular 
desiccant employed. This regeneration heat drives 
the adsorbed water from the desiccant and restores 
the water retention qualities of the material. Since 
the amount of adsorption is directly proportional to 
the surface exposed but inversely proportional to 
the temperature, cooling of the desiccant is required 
(after regeneration) to regain efficient dehydration. 

This technique was followed in the research stu- 
dies conducted at EES to remove small quantities of 
entrained and dissolved water from JP-5 fuel." 
Tests were conducted with commercial grade silica 
gel to determine its ability to remove water from 
JP-5 fuel and produce a “dry” fuel containing less 
than 20 ppm water. This material was used based 
on preliminary studies made to find an adsorbent 
material which would efficiently remove various 
amounts of water from the fuel, retain high ad- 
sorptive qualities after regeneration at relatively 
low temperatures and exhibit long life characteris- 
tics. 

Two steel columns approximately 1 inch in diam- 
eter and 6 feet in height were packed with silica gel. 
Saturated JP-5 fuel (containing from 60 to 90 ppm 
depending on the temperature) was pumped through 
the columns at a rate to obtain a contact or reten- 
tion time of about 3 minutes. The columns were de- 
signed on the basis of processing about 4 gallons of 
fuel per hour per pound of desiccant. The tests were 
run until the water in the effluent fuel exceeded 20 
ppm. The columns were then regenerated with hot 
gases, one with air and the other with nitrogen. 
These gases were used to study their relative effec- 
tiveness of regeneration on the desiccant life, to de- 
termine if a safety hazard was present when sweep- 
ing hot air through a fuel soaked bed and if oxida- 
tion products from the fuel left on the desiccant 
would affect its adsorptive qualities and bed life. 


Over 50 cycles of dehydration and regeneration 
were completed with the original charge of desic- 
cant in each column. Although the adsorptive ca- 
pacity of the gel decreased from about .08 lb. 
water/Ib. gel (at the start) to approximately 0.3 lb. 
water/Ib. gel after about 20 cycles of operation, the 
desiccant material was still effectively removing dis- 
solved water from the “wet” JP-5 fuel. Figure 13 
shows results of a typical “drying” run. Both col- 
umns were operated over 900 hours each before the 
tests were terminated. The degeneration of the 
water adsorptive capacity of the gel was believed 
caused by the progressive accumulation of hydro- 
carbon materials on the gel which became carbon- 


_ized by the heat of regeneration. However, after 


about 20 cycles an “equilibrium” condition was 
reached so that a relatively constant dehydration 
ratio (hours of dehydration per hour of regenera- 
tion) of about 6/1 was attained until the tests were 
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WATER CONTAMINATED JET FUELS 


Figure 13 


terminated. Although the tests with nitrogen re- 
generation produced a slightly higher dehydration 
ratio, it was not considered significant enough to 
compensate for the added complexity and cost of the 
gas and associated equipment. No adverse effects, 
from a safety standpoint, were seen or noted through 
the use of hot air as a regenerating medium. Analy- 
ses of the influent and product fuels were conducted 
periodically to determine if the physical and chemi- 
cal properties of the fuel had been affected either 
by contact with the desiccant or through regenera- 
tion. No change in fuel properties could be detected. 
Interfacial tension tests, conducted to detect possi- 
ble removal of fuel components or other materials, 
showed no significant variations. Dirt contamination 
analyses of the effluent fuel showed that a micronic 
type filter would be necessary to remove particu- 
late matter formed from the desiccant material. One 
of the disadvantages of using this material is that 
disintegration or decrepitation of the gel takes place 
when “free” water comes in contact with the desic- 
cant. However, tests made with “cloudy” JP-5 con- 
taining moderate amounts of water (from 200 to 
300 ppm) showed no measurable decrepitation." If 
this material were used in a dehydrating column. 
the decrepitation could be overcome by placing a 
layer of an anti-decrepitant desiccant of sufficient 
depth (of which there are several) at the column 
inlet to stop the free water from contacting the gel 
bed 


Because of the requirements for periodic regener- 
ation and continuous operation, a full-scale plant 
should incorporate a two column set-up. Through 
this method one column could be in operation dry- 
ing the fuel while the other would be under re- 
generation. A proposed type plant is shown in Fig- 
ure 14. This plant could be easily made to operate 
automatically with all transfer processes being con- 
trolled by a moisture monitor located on the effluent 
stream. Based on the excellent adsorptive “life” 
properties of this desiccant, the prototype plant 
should be able to process at least 10,000,000 gallons 
of fuel, per column, before discarding and refilling 
of the columns with a new charge of desiccant. 
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AIR HEATER (60 KW) 


EACH COLUMN-3 1/2 FT. DIA. X 6 FT. HEIGHT 
CONTAINING 2400 LB DESICCANT. COLUMN FUEL 


Figure 14—Full Scale Dehydration Plant. 


Although silica gel was used in this investigation, 
other desiccants are also available with capabilities 
of removing dissolved water from jet fuels. This was 
demonstrated by studies made at EES." 

In a study conducted recently, molecular sieve 
material was used effectively for dehydration of 
JP-4 fuel.’° This unit was a large field type de- 
hydrator designed to process 300 gpm of JP-4 fuel. 
It was a single column containing about 2100 lbs. of 
the drying material and was found satisfactory for 
processing over 500,000 gallons of fuel, without re- 
generation, and producing a fuel containing less than 
10 ppm water. It was estimated that the cost of de- 
hydrating this quantity of fuel amounted to about 
0.73 cents/gal. (Cost of gel based on present cost 
and assuming similar drying characteristics, would 
be about 0.11 cents/gal.) Tests of this unit disclosed 
that an inadvertent failure in the filter-separator 
(located in the influent line to remove free water) 
did not seriously affect the performance of the de- 
hydrator although emulsified and free water entered 
the drying column. Although the bed became over 
70 per cent saturated, the material was still remov- 
ing water and entrained water (300-400 ppm) from 
the fuel and producing an effluent concentration of 
20-50 ppm. In this study it was also found that a 
filter would be necessary as a precautionary meas- 
ure to ensure fuel free of desiccant dust and dirt. 

The medium of regeneration—be it air, inert gas, 
superheated steam or electrical means applied to 
heating coils imbedded in the bed—would be de- 
pendent upon the specific installation (land based 
or shipboard), operational demands and the eco- 
nomics involved. It might even be economically and 
materially justified to forsake regeneration and use 
a desiccant charge on a “throw-away” basis when its 
adsorptive capacity is exhausted. Full-scale studies 
would have to be conducted to determine the quality 
and quantity of heating medium necessary and 
power requirements based on the mass heat trans- 
fer characteristics of the desiccant used and the 
specific plant properties. 
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WATER CONTAMINATED JET FUELS 


REMOVAL OF WATER BY GAS STRIPPING 


Removal of dissolved and free water from jet 
fuels can be accomplished by “stripping” the water 
from fuel by dry air or gas. This procedure is based 
on the principle that water will leave the liquid 
state and enter the gaseous state when the partial 
pressure of the water in the gas state is less than the 
equilibrium partial pressure of water over fuel. 

There are two ways in which dry gas stripping 
can be done. The first is “batch stripping” in which 
a tank of wet fuel is treated by bubbling a dry gas 
through the fuel until the fuel reaches the neces- 
sary dryness and the second is by “continuous op- 
eration” in which a flowing fuel stream is contacted 
by a quantity of counter-flowing dry gas. Figure 15 
shows a continuous stream test set-up unit. 


LIQUID 
CONDENSER SEPARATOR 


PACKING 
MATERIAL 


FILTER 


Figure 15—Air Stripping Dehydrator. 


| 


Although the former method is the simpler and 
could conceivably be carried out in the ship’s fuel 
tanks, the success of obtaining dry fuel is dependent 
upon several factors which make this process more 
difficult compared to continuous stripping. First, the 
success of the operation is dependent on the dif- 
fusion rate of water through jet fuel. This rate is 
very low at 68°F it is approximately 7x10-"ft*/hr). 
To promote efficient removal of the water, secondly, 
a very efficient gas bubbling system would be re- 
quired to contact the overall volume of fuel and 
come into rapid equilibrium with the bulk concen- 
tration of water in the fuel. Although laboratory 
tests with relatively small containers and very effi- 
cient bubblers have been successful, incorporating 
this method into the ship’s service tanks might prove 
impractical. Moderately deep tanks of high storage 
capacity would lead to the requirement of large ca- 
pacity, high pressure gas or air compressors to work 
against the static pressure of the fuel in the tanks. 
Lastly, laboratory studies have shown that theoreti- 
cal gas requirements for efficient batch stripping are 
more than 2% times more than for continuous col- 
umn stripping.’ This requirement again would pen- 


alize this method by causing a requirement for 
larger and bulkier shipboard equipment. 

Tests were conducted at EES to determine the gas 
requirements and design considerations for a unit 
based on continuous stripping in a packed column.** 
A 3 inch ID x 6 foot column, packed with %2”x” 
aluminum Raschig rings to a depth of 5 feet, was 
tested with saturated JP-5 fuel containing 80 to 100 
ppm water. The fuel was pumped into the top of the 
column through a spray orificé. Moisture free, com- 
pressed air was expanded through an orifice valve 
into the bottom of the column, passed through the 
fuel and then discharged to the atmosphere at the 
top of the column. The moisture content of the out- 
let air was measured with a dew-point meter. Figure 
16 shows the liquid and gas flow rates which pro- 


Figure 16 


duced “flooding” of the column. (Flooding can be 
defined as a formation of a solid liquid or gaseous 
phase which produces an excessive pressure drop 
across the column. It can be produced by excessive 
flow rates of either the liquid or gaseous mediums) . 
For maximum efficiency of mass transfer between 
the liquid and gaseous phases, stripping operations 
are conducted at a point just below flooding condi- 
tions. This curve was used as a guide during the 
tests so that various liquid-gas ratios could be estab- 
lished for conditions below the flooding points. 
Results of these tests are shown in Figure 17. The 
upper curve indicates that an air-liquid ratio of 
about 8.5 cu ft/gal is necessary to dry the fuel to 20 
ppm water. Approximately one half this quantity of 
the dryer nitrogen (or air) is required to achieve 


‘the same degree of drying. These curves clearly 


show that the drier the stripping gas, the less vol- 
ume required to produce a dry fuel. These results 
were used to roughly predict the size of equipment 
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required to dry jet fuel (to 20 ppm water content) 
flowing at a rate of 200 gpm. From Figure 17 the 
air-fuel ratio was found to be 8.5 for air of +10°F 
dew point. The corresponding safe flow rates, from 
Figure 16, are about 0.6 gpm of fuel and 5.1 cfm of 
air expanded from 180 psi pressure. By direct pro- 
portion the column diameter would be: 


The air requirements are 8.5x200=1700 cfm 

If the dew point of the stripping air were —28°F, 
an air-fuel ratio of only 3.7 would be required. The 
safe flow rates, in this case, would be about 1.1 gpm 
of fuel and 4.1 cfm of air expanded from 2000 psi. 
The total air requirements would be: 


3.7 x 200=740 cfm 


and the estimated column diameter would be ap- 
proximately 42 inches. (The height of the column 
in both cases was about 6 feet). 

It must be mentioned that the estimates made are 
based on packing material of a particular size and 
shape. Tests have shown that the size and shape of 
these materials are an important function in deter- 
mining efficient mass transfer rate characteristics be- 
tween the liquid and the gas. These relationships 
were investigated in conjunction with the develop- 
ment of other design characteristics for air stripping 
columns.’ For example, through the use of more ef- 
ficient packing material, calculations were made to 
determine the amount of stripping gas required to 
reduce saturated JP-5 flowing at a rate of 180 gpm 
to a water content equal to 10 per cent saturation. 
For a column approximately 3 feet diameter and 6 
feet in height, the gas rate required for effective 
stripping was found to be nearly 200 cfm. 

The use of this method for shipboard dehydration 
would produce some problems which might prove to 
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be detrimental for good operation. For example, the 
stripping ability of the column is seriously reduced 
when the column is inclined from the vertical; fuel 
foaming is produced unless flow conditions are care- 
fully controlled; the capacity for removal of free 
and entrained water is reduced; large quantities of 
“bone dry” air or another gas are required; a small 
rise in the dew point temperature of the stripping 
gas causes a greatly increased demand of gas vol- 
ume for similar drying results. Shipboard tests 
would have to be made to truly assess the magni- 
tude and scope of the potential problems present. 


INSTRUMENTATION FOR DETECTION OF 
WATER IN JET FUELS 


Few practical methods for detecting and measur- 
ing free, entrained and dissolved water are available 
at the present time. The inadequacy of the few 
available detectors are apparent when the problem 
of monitoring shipboard or land water removal units 
is considered. At present there is no satisfactory 
method of continuously checking the water content 
of fuel being delivered to aircraft. Without adequate 
instrumentation it would be unrealistic to attempt 
to remove free and entrained water and impossible 
to detect dissolved water. Should filter-separator 
units suffer a breakdown, it is likely that the con- 
taminated fuel would reach the plane’s tanks unde- 
tected. 


The most difficult problem is to detect and meas- 
ure dissolved water in the fuel. Several laboratory 
methods are available, such as the Karl Fischer 
titration technique which can detect water in jet 
fuels in amounts as small as 2-3 ppm. However these 
methods require carefully controlled conditions 
which can only be maintained in a laboratory. Their 
application for shipboard use would require exten- 
sive development to produce a continuous monitor- 
ing device which would be capable of actuating an 
alarm or signal when fuel contamination is present. 
A brief description of water detection methods and 
techniques and devices in use and under develop- 
ment for potential shipboard application is in order. 


Karl Fischer Titration 


This laboratory method is widely used for the 
quantitative determination of water in hydrocar- 
bons. In this technique titrating is continued to an 
end point (which is usually measured electron- 
ically) using the Karl Fischer reagent—a solution 
of iodine and pyridine in methanol. Although this 
technique is one of the most accurate known for 
precise measurement of small quantities of water in 
hydrocarbons, it has drawbacks such as sampling 
procedure errors, requirement for skilled operators, 
contamination by atmospheric conditions, is time 
consuming, etc. It is highly unlikely that this method 
could be adapted for continuous monitoring of fuel 
streams. 
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Centrifuge Method 


Determination of free water content of fuels can 
be made by the use of the centrifuge—if the quan- 
tity of water present is sufficient for a volumetric 
reading. It is however time consuming and is cer- 
tainly not applicable for measuring dissolved water 
in fuel or for continuous automatic monitoring. 


Humidity of Air in Equilibrium with Fuel 


It has been demonstrated by EES that a measure- 
ment of the humidity of air in equilibrium with jet 
fuel can be used for the determination of small 
amounts of dissolved water in fuel. In this process, 
which is based on Henry’s Law, the air is passed 
through the flowing fuel and past a humidity meas- 
uring device. The air comes to a steady state condi- 
tion with the fuel and the measurement of the hu- 
midity of the air provides an indication of the water 
content of the fuel. This principle could be adapted 
for use as a monitoring device. Development of an 
instrument using this technique is progressing at 
EES. 


Dye Color Change Method 


It has already been mentioned that a dye color 
change device is under evaluation by the Navy—to 
detect small quantities of entrained water. This 
method seems to hold promise as a simple but pow- 
erful technique for visual determination of water on 
a batch sampling process. Work at EES has shown 
that jet fuel containing as little as 15 ppm water 
can initiate a color change in this device. However 
some inhibitors in jet fuel show up as “water”. Ad- 
ditional studies are necessary to determine shelf life 
properties of the dye. The feasibility of using this 
technique for continuous monitoring is questionable. 


Electrolytic-Coulometric Method 


In this technique a flowing fuel sample is stripped 
of water by a dry gas, such as nitrogen, and the 
water is electrolyzed in a moisture cell. The elec- 
trolysis current is proportional to the mass flow of 
water to the cell and, since the fuel sample is being 
metered, the current is proportional to the moisture 
content. It is claimed that the water content of fuels 
containing as little as 1 ppm water can be measured 
accurately. Preliminary evaluation of one device op- 
erating on this principle showed inconsistent re- 
peatibility of results and poor response time. 


Optical Absorption in the Infrared Range 


The principle of operation is based on optical ab- 
sorption due to water in a particular band in the in- 
frared region of the color spectrum. Based on this 
principle, one instrument incorporates a continuous 
stream analysis with capability of recording and in- 
dicating water contents ranging from 0 to 200 ppm 
and actuating an alarm signal for water control. This 
device is still in the evaluation stage with tests be- 
ing conducted at EES. 


Cloud Point Temperature Method 


It is possible to measure dissolved water content 
of jet fuels by cooling a fuel sample and observing 
the temperature at which a cloud or haze of water 
particles first appears. However errors can be pres- 
ent since, for proper interpretation, the cloud should 
appear as soon as the temperature drops below the 
saturation point. As discussed in another section of 
this paper, the fuel can become supersaturated be- 
fore a cloud forms. This would cause erroneous 
reading of the cloud point temperature. If a method 
could be developed to overcome this shortcoming, 
this principle could be used to develop a suitable 
monitoring instrument. 

Other principles and methods such as cellulose 
concentrating medium, light-scattering, dielectric 
constant change, differential refractrometer, gravi- 
metric air stripping, etc. have potential capabilities 
which could be useful for the detection and meas- 
urement of water in jet fuels. Most of the methods 
incorporate good sound scientific and engineering 
principles which could be developed into practical 
shipboard instruments. However to date, no satis- 
factory device has been developed which has the 
features of simple operation, reliability and accuracy 
of measurement, good response time rate and con- 
tinuous monitoring ability. 


STORAGE PROBLEMS OF “DRIED” FUELS 


In the discussions presented on methods of pro- 
ducing dry fuel, little has been mentioned about the 
problem of maintaining the fuel dry until it is 
needed. It has been shown that jet fuel readily ab- 
sorbs moisture from the surrounding atmosphere. 
How fast this absorption takes place in the service 
tanks or in their aircraft’s tanks depends upon sev- 
eral factors, such as: air temperature and humidity, 
cooling rate, vent size, vapor space, depth of fuel 
and fuel surface area. Since air temperature and at- 
mospheric humidity play such an important part in 
the control of moisture exchange with the air and 
fuel, it is possible that if the service tanks and the 
planes’ fuel tanks were equipped with desiccators on 
the air vents, this interchange would be slowed 
down with considerable success in maintaining the 
fuel in a dry state. Interesting results of tank vent 
size, effects of geometric proportions of tanks, etc. 
are presented in reference (4a). 

As mentioned, any proposed system for safeguard- 
ing dry fuel should contain devices that would pre- 
vent uncontrolled atmospheric air from contacting 
the fuel. It probably would be easier to make these 
provisions on storage tanks, such as the ship’s serv- 


ice tanks, than on the individual aircraft. Besides 


the air vent desiccator method. another method 
seems feasible. Figure 18 shows this system. 

In this method dry air (or nitrogen for inert at- 
mospheres) is automatically fed into the tank when 
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Figure 18—System for Maintaining Dry Fuel in Tanks. 


some of the fuel is withdrawn or when an ambient 
temperature drop causes contraction of the tank’s 
contents. When more fuel is pumped into the tank 
or when the ambient temperature rises and causes 
expansion, the tank breathes through a standpipe 
whose vent is protected from the atmosphere. As 
shown in this sketch, a pneumatic pressure control- 
ler at the top of the tank is set at a low pressure 
(about % psi) and controls a pneumatic control 
valve in the 15 psi dry gas supply line. 

When air pressure drops inside the tank, the valve 
opens, admitting the supply gas. When the air pres- 
sure rises inside the tank, the valve closes and ex- 
cess air escapes through the oil-immersed standpipe 
or some other device. This system would be prac- 
tical if an air-tight system could be obtained and 
maintained. This system would be adaptable for use 
in either ship or land-based installations. 


SHIPBOARD PROBLEMS WITH FUEL CONTAMINATION 


JP-5 fuel has specific properties that makes ship- 
board storage and delivery of this fuel to the air- 
craft as safe as possible. Before the advent of this 
grade of fuel, the explosive hazards associated with 
aviation gasoline and the “jet mix” (a mixture of 
avgas and JP-5 fuels) used in the earlier type jet 
aircraft necessitated a water displacement system 
for the movement of these fuels aboard carriers. In 
this system the water pumped into the storage tanks 
displaced the fuel from the top of the tank to a 
smaller tank and again from this tank to a drawoff 
tank. From this last tank the fuel went through a 
filter-separator before delivery to the aircraft fuel- 
ing stations. 

The seriousness of the contamination problem be- 
came greater as the Navy switched from avgas to 
the “jet mix” and then finally to JP-5 grade fuel. 
It is known that the removal of solids and water 
from aviation fuels by settling and filtration becomes 
more difficult as the viscosity and density increase 
and water/fuel interfacial tension decreases. Avgas 
has a relatively low viscosity and density compared 
to JP-5, while JP-4 has physical properties some- 
where between the other two types of fuel. Still 
more significant and bothersome was the formation 
of very stable inverse emulsions (continuous water 
phase) with JP-5 fuel and the difficulties associated 
with this dispersion. 

The safe handling and use of JP-5 is based pri- 
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marily on its high flash point temperature (speci- 
fication minimum is 140°F). This factor was largely 
instrumental in eliminating the water displacement 
method of transferring this fuel from storage tanks. 
Formerly, although still in use on some carriers, the 
procedure for transferring this fuel internally was 
to pump the fuel from storage tanks to the fueling 
stations—after first directing the fuel through filter- 
separators. In some cases the fuel was pumped di- 
rectly from the storage tanks to service tanks prior 
to transferring the fuel topside. By this method the 
ballasting of the tanks by sea water was only neces- 
sary for the storage tanks leaving the service tanks 
essentially free of water contamination. However it 
was soon discovered that even this method did not 
alleviate the contamination problem sufficiently 
since the appearance of the “tight” emulsion ag- 
gravated the problem. This emulsion was causing 
vast problems by fouling of fuel nozzles, fuel con- 
trols and fuel lines. The quantities of the emulsion 
reaching or being formed in the tanks of airplanes 
on certain carriers caused serious operational diffi- 
culties. 

At the present time ballasting of storage tanks 
with sea water has been discontinued to reduce the 
contamination problems. Fuel is delivered directly 
to the storage tanks, which are coated with plastic 
materials to reduce rust contamination, where it is 
allowed to settle as long as possible. It then goes to 
the service tanks, also coated, where additional set- 
tling time is granted, before being pumped to the 
fueling stations through the filters. Carriers on 
which tanks have been coated, however, are to re- 
sume ballasting of the storage tanks to aid in main- 
taining the ship’s equilibrium. It has also been noted 
that oilers and tankers supplying JP-5 fuel are hav- 
ing their tanks coated to reduce contamination. Pip- 
ing and pumps delivering the fuel are under close 
scrutiny and are being modified and altered to mini- 
mize contamination. All ferrous piping is being re- 
placed with non-ferrous material. Even structural 
members in the tanks are being modified so that the 
fewest number of “pockets” are present to trap 
water and dirt. 

At the present time the basic purification system 
aboard carriers consists of filter-separator units. 
These units have fuel handling capacities ranging 
from about 200 to 2000 gpm, with single cleaning 
units containing as many as 40 filter-coalescers and 
35 separators. 

“In these “clean-up” units the contaminated fuel 
first passes through the filter-coalescers which co- 
alesce—or form—small droplets of water or emul- 
sions into larger droplets and filter out the solids. 
The larger water droplets separate out by gravity 
and are pumped overboard. The dirt is retained by 
the filter which is usually made of fiberglass ma- 
terial. The separator elements act as a further bar- 
rier to any water droplets which may not have set- 
tled out within the filter case. The separators are 
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usually made from a hydrophobic, chemically 
treated paper. Figure 19 shows a filter-separator 
demonstration unit. The filter-coalescer element is 
shown on the left with coalesced water droplets visi- 
ble—around the element. The separator element is 
located on the right. These elements are shown 
mounted horizontally—although some units are 
mounted in a vertical position. Figure 20 shows a 
drawing of a filter-separator unit and its method of 
functioning. This drawing shows an in-to-out fuel 
flow through the filter-coalescer. Both in-to-out and 
out-to-in type elements are used in shipboard plants. 
The advantages and disadvantages of both types will 
not be discussed here. Both type are acceptable and 
appear to function efficiently. 

In order to guard against the installation of faulty 
elements, the Navy has established standard test 
procedures for testing every element prior to plac- 
ing in the filter case. Qualification tests for filters 
and separators are conducted at EES. Present speci- 
fications call for effluent fuel to contain no free 
water, and solids not to exceed 1 mg/liter of fuel.’ 
Solids, normally encountered, consist of iron rust 
with lesser amounts of air borne contaminants such 


Figure 19—Demonstration Model of Filter-Separator. 


as silica and possibly glass fibers from the filter ele- 
ments. In addition there can be insoluble organic 
materials resulting from fuel deterioration, micro- 
biological fungus and bacteria (which apparently 
operate at the interface and promote an emulsion 
which affects fuel probes, fuel injectors and filters). 
Solids going to the clean-up system vary from traces 
to about 80 mg/liter and particle sizes encountered 
may vary from less than 5 microns up to approxi- 
mately 400 microns. The filter-separators must also 
be capable of cleaning fuel containing up to 10 per 
cent water. The most serious weakness of these units 
is inherent in its design, as each of the two stages 
is only as good as the poorest of the individual ele- 
ments. One or more poorly or improperly installed 
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Figure 20—Filter-Separator Unit. 


elements can also allow contamination to pass 
through. Another weakness observed is the inability 
to determine whether the entire unit is operating 
properly. An increase in pressure drop across the 
entire filter case should normally be an indication 
that the elements are losing efficiency but since this 
can be offset by mechanical failures in the elements 
the pressure drop is not a reliable indicator. One 
device, designed to monitor the effluent streams of 
filter-separators, is claimed to be capable of shutting 
the equipment off when either the water or solids 
content reach a predetermined level. This device is 
now under development.'* This monitor consists of a 
valve containing a water sensitive element which, 
when contacted with water, expands resulting in 
an excesive pressure drop which unbalances the sys- 
tem and shuts down the operation of the unit. 

In order to determine the effectiveness of the pres- 
ent filter-separator units and to monitor the general 
fuel cleanliness procedures initiated aboard carriers 
and other vessels, a program for sampling jet fuels 
from various locations in the ship’s fueling system is 
underway. The fuel samples are sent to EES for 
analysis of quantity and quality of solids, particle 
size and distribution, water content, etc. In general 
these tests have shown that the contamination of the 
fuel is greatest in the storage tanks and decreases 
as the fuel passes through the clean-up system. 
These tests have also shown that the fuel contamina- 
tion problem is still of serious proportions. It was 
also found that the contamination can occur in any 
part of the fueling system. In addition some filter 
and separator elements were removed from opera- 
tional use and tested for their capability and effec- 
tiveness of removing dirt and water. Some were 
found to be defective, and incapable of meeting 
specification standards. Much work and progress is 
still required to combat the overall problem of fuel 
cleanliness. 

In order to overcome the jet fuel contamination 
difficulties to the greatest degree so that planes op- 


erating from carriers would be assured of having 


clean and dry fuel, the concept of a fuel purification 
center for the processing of fuel was created. 
Several years ago the Bureau of Ships contracted 
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with an engineering concern to make a study “di- 
rected toward the development of a design of a com- 
pletely integrated jet fuel purification center for 
aircraft carriers”.'® This study showed that such a 
center could be readily designed if the testir ; and 
development of necessary equipment for the center 
was advanced to the stage where a final design could 
be made. It was assumed that the equipment se- 
lected should be judged only on the basis of data 
available for actual performance of this equipment 
with contaminated JP-5 fuels. 

This center was to contain necessary equipment 
and instrumentation to purify and control purifica- 
tion of JP-5 fuel being transferred from the ship’s 
storage tanks to the fueling centers. 

Since the final “best” design equipment for a cen- 
tral system is still under study, a compromise on the 
limitations imposed on such a system is necessary. 
The high rate of refueling required aboard some car- 
riers imposes a severe demand on any equipment 
developed for a purification center. The proposed 
concept delegates such a clean-up system to a loca- 
tion between the storage and service tanks so that 
the rate of fuel to be cleaned can be reduced con- 
siderably when cleaning is performed on a 24 hour 
continuous basis. 

The features which are being considered in con- 
nection with research studies are: 


a. A reliable method of stopping “free” water or 
contaminated fuel from reaching the center— 
or—as an alternate, a method of rejecting or 
removing such contaminants. 

b. A continuous method of checking the level of 
undissolved water in the product which is of 
sufficient accuracy to assure that the equip- 
ment is operating properly. 

c. A continuous method of checking on the 
amount of solids in the product fuel. 

d. A reliable and continuous method of checking 
water content of fuel going to the service 
tanks. 


A study of these requirements has shown that the 
different types of equipment which appear to be 
suitable for the task of producing fuel free of dirt 
and water are: 

1. Centrifugal purifiers. 

2. Electrostatic precipitators. 

3. Filter-separators. 

Of these three types of purifiers the most research 
and operating experience has been gained with the 
filter-separators. As mentioned previously, reliabil- 
ity of these filters has varied from good to fair. It is 
possible that these elements will have to tolerate a 
high solids load and still be operable with a mini- 
mum of maintenance and replacement. Since it is 
imperative that a foolproof, dependable purification 
system be developed, there is a good possibility that 
filter elements by themselves will not be a satisfac- 
tory solution to this vital problem. In order to 
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achieve this end and to have a system with the 
greatest flexibility, other possibilities present them- 
selves. Laboratory tests with the centrifugal bowl 
type purifier showed promise. One super-centrifuge, 
tested at EES, is now being evaluated under fleet 
operating conditions and reports from the fleet in- 
dicate satisfactory operation. Results from labora- 
tory tests with a electrostatic type purifier have in- 
dicated that this type contaminant-remover may also 
be acceptable. Further results under operating con- 
ditions would be necessary to judge its reliability 
and performance. 


DIRT-WATER MONITORS 


| SERVICE | 
TANK | 


TO FUELING STATIONS 


1 PRIMARY PURIFIER 
2 SECONDARY PURIFIER 
(3. DEMYDRATOR 


Figure 21—Fuel Purification Center. 


One design concept of a fuel purification system 
for shipboard use is shown in Figure 21. The pri- 
mary unit, pictured here, might be a centrifugal 
purifier or an electrostatic precipitator with the sec- 
ondary unit consisting of a filter-separator. The de- 
hydrator could be a solid desiccant unit—such as 
shown on Figure 14. It should not be assumed that 
the equipments mentioned are the most efficient and 
reliable or will be the accepted types since con- 
tinuing research is still underway to resolve the 
problems and difficulties encountered in equipment 
reliability and performance. 

As seen in the drawing, either of the two water 
and dirt removers can be by-passed. When the ini- 
tial “gross contamination” purifier is by-passed the 
secondary purifier should be able to produce a speci- 
fication fuel so long as the solids loading on this lat- 
ter purifier (assuming it is a filter-separator) does 
not become excessive. If the latter piece of equip- 
ment fails the primary purifier must be able to carry 
the load of producing clean and water free fuel. The 
ability of the dehydrator to perform efficiently will 
be dependent upon the reliable performance of the 
equipment ahead of it. 

Suitable instrumentation for continuously moni- 
toring dirt and water content of the product fuel 
would be incorporated—with appropriate safe-shut- 
down, fuel by-pass or fuel return-flow device actu- 
ated upon signal or alarm of excessive contamina- 
tion level. EES is currently evaluating several 
devices for measuring fuel contamination and their 
feasibility for shipboard use. It probably will be 
necessary to have two such cleaning centers, one 
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forward and the other aft, not only for safety and 
reliability but chiefly to handle the increasing vol- 
ume of fuel required by the larger type carrier air- 
craft. 


CONCLUSION 


The problems associated with the removal of 
water and dirt contaminants from jet fuels are many 
and require continuous research to overcome the 
present and future difficulties. The answers will only 
be forthcoming if a thorough knowledge of the many 
aspects are understood and appreciated by all par- 
ties engaged in the producing, handling and consum- 
ing of these fuels. The purpose of this paper was 
to present the existing problems and to review the 
avenues of approach being followed to their solu- 
tion. The final and complete answer is not yet avail- 
able but interim solutions are being developed and 
evaluated in and outside of the military services. 

From the manufacture of these fuels to the final 
handling at the jet aircraft (or missile) utmost care 
must be taken by all hands to prevent contamina- 
tion. The precisely designed and manufactured com- 
ponents for fuel systems of present and future air- 
craft and missile engines are extremely critical of 
any contamination. Insufficient knowledge or care- 
lessness in handling fuel can and does result in ac- 
cidents endangering life and property. Fueling is a 
specialized branch of aircraft operation and those 
engaged in this work are charged with a serious re- 
sponsibility. Only through use of properly designed 
and functioning equipment, education and training 
of personnel, alertness and constant vigilance will 
our airmen and missilemen be assured that clean 
and dry fuel will be delivered to them. 
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The Office of Naval Kesearch Seeks Knowledge In Two Directions. 


Official U. S. Navy Photo 


The exrth as it avpeared to Commander Malcolm D. Ross, USNR and Scientist Charles B. Moore from a balloon at 81,000 
feet on 28 November 1959. 


Official U. S. Navy Photo 
The ocean flow as it looked to Dr. Andreus B. Richnitzer and Jacques Picard through the 8 inch plastic windows of U. S. 
Navy’s Bathyscaph Trieste at 18,600 feet below the ocean’s surface in the Marianas Trench on 15 November 1959. On 23 Jan- 


uary 1960, Jacques Picard and Lt. Don Walsh, USN, took the Trieste to the deepest known spot in the world, 37,800 feet in 
the Marianas Trench. 
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first paper on heat transfer was published in this Journal in May 1930, and 
he has made later contributions to the Journal and to other engineering 
publications. Since retirement from the Navy he has taught at Virginia Poly- 
technic Institute and the University of Delaware and at the present time is 
professor of mechanical engineering at The Pennsylvania State University. He 
is a Fellow of the American Society of Mechanical Engineers and was active 
in setting up the ASME-AIChE annual conferences on heat transfer which 
began in 1957, and the international conference to be held at Boulder, Colo- 


rado, in 1961. 


I. the finite-difference solution of two-dimensional 
heat conduction problems, the field is subdivided by 
a network or grid, usually of squares. Sometimes a 
triangular grid is more convenient. This paper shows 
that an irregular triangular grid is equivalent to the 
square grid when suitable geometrical factors are 
used. Practical examples are given. 

The finite-difference solution of the Laplace and 
other heat conduction equations has generally de- 
pended on the use of a set of orthogonal coordinates 
reflecting the form of the differential equation. For 
a rectangular region a network of squares or possi- 
bly rectangles would be used. For a cylindrical or 
annular region polar coordinates are appropriate, 
and a logarithmic subdivision of the radius gives 
equal conductance to all radial elements. Kirk- 
patrick and Stokey' showed the subdivision of an 
ellipse by a system of orthogonal ellipses and hyper- 
bolas. 


A primary objective, of course, is to minimize the 
number of nodes which have to be calculated, sub- 
ject to the scale of accuracy imposed by the prac- 
tical conditions of the problem. For a hand calcula- 
tion or for an electrical resistance analog it is also 
important to minimize the number of irregular 


nodes. But many shapes occur which cannot be fit- 
ted by orthogonal systems. 

The relaxationists** showed the equivalence of 
non-orthogonal systems of equilateral triangles and 
hexagons. They gave rules for irregular square net- 
works and stepped square networks. The present 
author‘ proposed a subdivision in scalene triangles 
and gave a rule for computing the conductance to be 
assigned to each leg. However, it was not proved 
that such a system was equivalent to a rectangular 
grid for an arbitrary orientation of the heat flow. 

This proof has been obtained and is given in Ap- 
pendix A. Some examples will show where irregular 
triangular grids are of practical use in filling odd- 
shaped regions and in economizing the number of 
nodes. 

Consider the system shown in section in Figure 1. 


Figure 1—Section of extended heat-transfer surface 
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This is one of a number of types of extended sur- 
face under investigation by The Babcock and Wil- 
cox Co., and is known as a membrane wall. By sym- 
metry, only the part shown in Figure 2 is unique. 
The rectangular region is logically subdivided on a 
cartesian basis and the annular region on a polar ba- 
sis, giving the networks shown. 


Figure 2—Rectangular and polar grids 


The question is then how to subdivide the irregu- 
lar region. The scale of the other two grids has pre- 
sumably been chosen so as to give sufficient pre- 
cision for the purposes at hand; the scale of the new 
network need not be more precise, nor should it be 
less precise. And it should tie together the other 
grids with a minimum of gaps or overlaps. A tri- 
angular grid which accomplishes these objectives is 
shown in Figure 3. There is a saving of four nodes. 
It is hard to see how a simpler yet equally accurate 
arrangement could be devised. 

As a second example, consider a stepped square 
network. If one is constructed as shown in Figure 
4, points such as A and G will be in error for com- 
ponents of heat flow in the vertical direction, be- 
cause they will not be affected by temperatures in 
the larger grid. Use of a triangular grid, Figure 5, 
will remedy this situation without increasing the 
number of nodes. Details of calculation for this sys- 
tem are given in Appendix B. 

A curvilinear boundary may be approximated by 
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Figure 3—Use of a triangular grid 


F 


D 


Figure 4—Stepped square grid 


a system of tangents and secants to any required de- 
gree of accuracy. In a discussion of the Kirkpatrick 
and Stokey paper' the present author showed how 
an elliptical sytem could be represented by a sys- 
tem of triangles. On a very crude network, a tran- 
sient calculation gave a result comparable with the 
analytical solution. 

As a final example, consider the section shown in 
Figure 6. This is bounded by two parabolas and two 
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Figure 5—Stepped grid supplemented by triangular grid 


Figure 7—Parabolic section, square plus triangular grid 
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Figure 6—Parabolic section, irregular square grid Figure 8—Equivalence of an irregular triangle 


straight lines. If we wish to divide the vertical boun- supplementary triangular network will reduce the 
dary in fourths, an irregular square network will number of nodes to 30 with negligible sacrifice of 
require 38 nodes. Figure 7 shows that the use of a accuracy. 
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APPENDIX A 


EQIVALENCE OF AN IRREGULAR TRIANGLE AS 
AN ELEMENT OF A TWO-DIMENSIONAL NETWORK 


Referring to Figure 8, let ABC be a general sca- 
lene triangle with no obtuse angle. Let the heat 
flow make an angle H with the side c. Construct d, 
f and g parallel to the flow, and e, k and h normal 
to the flow. 

The geometrical factor for flow across the rec- 
tangle is: (area of path) / (length of path) =e/d. 

We wish to show that if (1) the “cotangent rule” 
is used to calculate conductances in a triangular net- 
work and (2) conductances and resistances are com- 
bined in the usual way, the triangular network will 
give the same geometrical factor as a rectangular 
network. 

For simplicity, in this appendix only, we let the 
capital letter symbol stand for the cotangent of the 
angle. Then by trigonometry: 


D=h/d AB+BC+CA=1 
E=g/e FB+BD+DF=1 
F=k/f KC+CE+EK=1 
G=e/g G+A+H=GAH 
H=d/h HD=FK=EG=1 
K=f/k 


First express all quantities in terms of E, G, H 
and K: 

A= (G+H)/(GH-1) 

B= (HK—-1)/(H+K) 

C= (1—EK) /(K+E) 


The factor to be assigned for the conductance of 
one side of a triangle is half the cotangent of the op- 
posite angle. If the element is a side of two adjoin- 
ing triangles the sum of the half-cotangents is used. 
In the present case the outside angles opposite a, b 
and c are right angles and those cotangents are zero. 

To avoid carrying the fraction % through the cal- 
culation we shall use the cotangents themselves, so 
that the final result should be 2e/d. 

For flow in the vertical direction the paths a and 


D=1/H 
F=1/K 
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f are in parallel and the (double) conductance fac- 
tor is A+F. The resistance is 1/(A+F). Similarly, 
for the paths g and b, the resistance is 1/(G+B). 
The resistance of these paths in series is 1/(A+F) 
+1/(G+B) and the conductance is: 
(A+F) (G+B) 

(A+F) + (G+B) 
This conductance is in parallel with paths c and d. 
The total conductance is: 


(A+F) (G+B) 

(A+F) + (G+B) 

Expressing in terms of E, G, H and K, and simplify- 
ing, this becomes: 


4+D+4C 


2(H+K) 
H(E+K) 


Substituting length ratios and simplifying, the total 
conductance is: 


As the triangle ABC is arbitrary and the angle H 
is arbitrary, the conclusion is that the cotangent 
rule will be correct for any orientation of any tri- 
angle. 

It can be shown by similar rearrangement and 
substitution that (A+F)/(B+G)=g/f, so that the 
temperature at C will be calculated correctly. 

This is not to say that the triangular network is 
“accurate” in any absolute sense, but merely that it 
has the same validity as a rectangular network of 
comparable size. 


ANALYSIS OF A TRIANGULAR NETWORK 


Referring to Figure 9, we take the side of a small 
square, AD, to be one unit in length. The thickness 
(normal to the paper) is also taken as one unit, 
without loss of generality in a two-dimensional sys- 
tem. Then the conductance of the element AD is 
k (area/length) =k (11/1), where k is the conduc- 
tivity. The geometrical factor, by which k is multi- 
plied, is simply unity. Of this, one-half may be as- 
signed to the region either side of the element. Thus 
the factor for the path AC, as part of the square be- 
low, is 0.5. 

The geometrical factor to be assigned to one side 
of a triangle, as part of that triangle, is one-half the 
cotangent of the opposite angle. Thus, cot AFC=2, 
and the factor for AC as part of the triangle is 1. 
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Then the total factor for AC is 1+0.5=L.5. 

The factor for FC as part of AFC is % cot FAC= 
14 x %=0.25. As the opposite triangle is similar, the 
total factor for FC is 0.5. 

For EF, the factor as part of EAF is 4% cot EAF= 
0.375. As a part of the square above, the factor is 
0.5. Then the total factor for EF is 0.875. 


For AF, the factor for the angle ACF is zero and 
for the angle AEF is 0.25, giving a total of 0.25. 

This is all that is needed for a steady-state calcula- 
tion, but for a transient calculation a heat capacity 
must be assigned to each node. The heat capacity is 
the volumetric specific heat of the material times a 
volume. 
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Figure 9—Analysis of triangular grid and nodes 


The volumes assigned to the nodes are bounded 
by the dotted lines in Figure 9. These boundaries 
are normal bisectors of the assumed heat flow paths. 

The volumes are readily calculated in this simple 
system as follows: 


Node: Small Large B,C A E,F 
square square 
Volume: 1 4 1.5 1.625 3.875 


For a more irregular system, areas may be meas- 
ured by planimeter on a scale drawing. Or, one may 
use a geometrical rule for the area within a triangle, 
associated with a node at a corner of the triangle. 
Referring to Figure 8, this is: 

Area A= (1/8) (b?cotB-+-c*cotC) 
and so on. 
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test data. 
—from 


An experimental three-purpose device that combines into a single system a 
thermoelectric air conditioner, space heater, and refrigerator-freezer will 
be built for the Navy's Bureau of Ships to test the suitability of thermo- 
electricity for air conditioning and refrigeration on ships. The design of the 
experimental model will be such that it lends itself to the construction of a 
full-scale system. The three thermoelectric components of the system will 
be made of identical thermoelectric elements, whi 

moved and replaced, and can act as building blocks for a thermoelectric 
system of larger size. A central thermoelectric air-conditioning unit will 
supply chilled water that will be pumped to a standard Navy unit space 
cooler. Heat removed in chilling the circulating water can be used for space 
heating or can be dumped as waste heat into the sea water. The air-condi- 
tioning unit will have a one-ton capacity, which is larger than the average 
window-type unit used in the home. The central thermoelectric heater will 
supply heated water to a standard Navy unit space heater. The two-cubic 
foot refrigerator-freezer is capable of maintaining a temperature of zero 
degrees F, continuously. Although heating can be accomplished by revers- 
ing the flow of current through a thermoelectric cooler, separate heating 
and cooling units will increase flexibility of operation and simplify gathering 
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POLYETHYLENE SCREEN USED IN SHIPYARD DRYING HULL FOR PAINT JOB 


Even ships are bothered by humidity. Take the case of the Corps of 
Engineers dredge LANGFITT which was in drydock recently undergoing 
annual inspection and repairs at the New Orleans yard of Todd Shipyards 
Corporation. It came time to paint the bottom hull of the vessel, but the 
weatherman had thrown up a large hurdle—95 per cent humidity coupled 
with fogs and damp weather. The result was a sweating ship. Moisture 
condensation on the ship's hull prevented painters from doing their job. 

It was reasoned that a man can keep from sweating by use of air con- 
ditioning, so the same principal was applied to the 4988-gross-ton dredge. 
During an eight-hour shift a |2-foot wall of polyethelene plastic was erect- 
ed around the 350-foot hull, enclosing an area of 175,000 cubic feet. Two 
ice-cooled air conditioning units were placed on the drydock and air from 
them was directed through 24-inch plastic ducts into the enclosure. With 
a total rating of | 10 tons, the two air conditioners pumped cool, dehumid- 
ified air under the ship at a rate of 30,000 cubic feet per minute with the 
air being changed approximately every two minutes. During the 28 hours 
of operation approximately 50.5 short tons of ice were used. 

Relative humidity inside the polyethelene barrier was reduced from 92 
per cent to 30 per cent. While the temperature outside the enclosure wa; 
80 degrees, inside beneath the hull it was 74 degrees. 

‘ Through this unusual solution to the problem of a sweating ship, Todd 
workers completed the painting of the LANGFITT hull. 
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BIGGEST SPLASH YET. The ARTHUR B. HOMER, Bethlehem Steel’s new Lake ore carrier, hits the water of the Detroit 
River last Saturday (Nov. 7) in the largest side-launching in maritime history. The ship’s 730-foot length and 75-foot beam 
are the maximum allowed both in the Soo Locks and in the locks of the St. Lawrence Waterway. Built by Great Lakes Engi- 
neering Works, River Rouge, Michigan, the ARTHUR B. HOMER will be operated by Bethlehem Transportation Corp. 
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INTRODUCTION 


» AMOUNT of research being carried out in the 
field of ship hydrodynamics today is so great that 
any review within the compass of a single paper 
must be confined to a brief survey of the different 
branches and a more detailed reference to a few of 
the important items. The growth of research on this 
subject over the last 20 years has indeed been re- 
markable. In a general way, the facilities needed 
are large and expensive, and to a great extent can 
only be provided by government departments. The 
provision of new facilities is a measure of the in- 
terest in the subject, and the years during and since 
the war have been notable for the increase in the 
number of towing tanks, tunnels and sea-keeping 
basins among all seafaring nations. In the last 10 
years the Admiralty has built a rotating arm basin 
and two water tunnels at the Admiralty Research 
Laboratory, Teddington, a combined rotating arm 
and sea-keeping basin and a new water tunnel at 
Haslar, as well as lengthening No. 1 tank there; the 
Department of Scientific and Industrial Research has 
built a completely new Ship Hydrodynamics Labo- 
ratory at Feltham comprising a new towing tank, a 
new tunnel and a sea-keeping basin, while indus- 


trial firms have also built new facilities on their own 
account, such as the new towing tank of Saunders- 
Roe at Cowes, and the water tunnel at Vospers in 
Portsmouth. Similar progress has been seen in the 
United States, Holland, Russia, France, Japan and 
Germany, and towing tanks are also in operation or 
about to be commissioned in Brazil, Denmark, Yu- 
goslavia and India. An excellent review of these new 
facilities was given recently by Capt. E. A. Wright, 
U.S.N., Director of the David Taylor Model Basin.’ 
This paper repays the most careful study, and will 
certainly leave the reader with no sense of com- 
placency as regards the research done in this coun- 
try as compared with that done by our greatest 
shipbuilding rivals, Germany and Japan, or by Rus- 
sia. 

Research has also been fostered since the war by 
the formation of research associations. The British 
Shipbuilding Research Association was formed in 
1944, and since that time has had carried out for it 
a great deal of research into the resistance and pro- 
pulsion of ship forms, vibration and full-scale per- 
formance. The British example has been followed 
by many European countries, which now have their 
own research associations. In the United States the 
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SYMBOLS 


ry =total resistance of model. 

ry =frictional resistance of model. 

Te =residuary resistance of model. 

R, =total resistance of ship. 

R; =frictional resistance of ship. 

Ry =residuary resistance of ship. 

=sceale of model to ship. 

=ship speed. 

=model speed. 

=ship length. 

=model length. 

=R,/%pSV* 

=Rr/%pSV? 

=Rr/ 

=wetted surface. 

=density of water. 

=kinematic viscosity of water. 

=Reynolds’ number=VL/v 

=Taylor wake fraction. 

=thrust deduction fraction. 

=hull efficiency= (1—t) / (1—w). 

=resistance of ship. 

=thrust on ship. 

=absolute pressure at shaft center line 
minus cavity pressure in ft. of water. 

=V,/nD. 

=speed of advance. 

=revolutions. 

=propeller diameter. 

=ship speed in knots. 


mowers 


] in consistent units. 


J 

V, 
N 
D 


Navy and the Society of Naval Architects and Ma- 
rine Engineers have been the main sponsors of re- 
search, the latter collecting a certain amount of 
money from industry. 

In this review it is proposed to take the principal 
branches of hydrodynamics as applied to ships and 
consider first the problems which confront ship- 
builders in each and then try to indicate some of the 
methods being used to investigate them and the suc- 
cess which has been achieved. 


RESISTANCE OF SHIPS 


The estimation of the resistance of a ship is one 
of the basic problems in hydrodynamics as applied 
to the problem of ship design. The usual method of 
solving it is by the use of scale models. The first 
practical application was made by William Froude 
some 90 years ago, but it must be confessed that 
today there are still many unsolved questions in 
this field. 

In estimating the resistance of a ship from that of 
a scale model, the process can be considered in two 
steps—the estimation of the resistance of a smooth 
ship and then the effects of roughness due to such 
causes as the structure, paint and fouling. 

In the first step the problem to be faced is that 
the components of the resistance follow different 
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physical laws and that as a result complete similar- 
ity cannot be achieved between model and ship in 
any practical testing technique. It is thus necessary 
to divide the model resistance into its components, 
scale each one separately to the ship size and re- 
unite them. Froude assumed that the frictional re- 
sistance of the hull could be taken as equal to that 
of a flat plank of the same length and wetted area, 
and in order to be able to calculate this frictional 
resistance he carried out very careful experiments 
and extrapolated the results to lengths representa- 
tive of ships existing at that time. A further extra- 
polation up to lengths of 1,200 ft. was later made by 
R. E. Froude. Subtracting the estimated skin fric- 
tion resistance of the model from the total measured 
resistance, Froude obtained what he called the re- 
siduary resistance, so that we can write 

Tr—Tyt+TrR 
By his Law of Comparison, he stated that the re- 
siduary resistance in lb. per ton of displacement was 
the same for model and ship when they were run- 
ning at “corresponding speeds,” that is, at the same 
value of speed/length ratio, so that 

when V/\/L=v/y/l, and 2 is the scale ratio. 

By calculating Ry from the extrapolated plank 

data, the total resistance of the ship can be found: 
R,=Rr+Rr, 
or, in coefficient form 
Cr=Cr+Cr 
This is essentially the method used today in British 
and European tanks, and it is generally accepted 
that the Froude coefficients for ship lengths include 
some allowance for roughness. 

With increasing knowledge, it was realized that 
the frictional resistance was a function of Reynolds’ 
number, VL/v, and many investigators have pro- 
posed skin friction coefficients Cr varying with 
Reynolds’ number. One such line given by Schoen- 
herr in 1932 was adopted by the American Towing 
Tank Conference in 1947 and is used in the United 
States and Canada. At the same time the European 
tanks continued to use Froude coefficients in ac- 
cordance with agreements made at the International 
Towing Tank Conference, which since 1948 has ad- 
mitted the use of either method for published work 
and exchange of information. 

It is obvious that the assumption that the total re- 
sistance can be divided into two parts, must be only 
a first approximation. Much research has been and 
is being done to improve the method of extrapola- 
tion. The actual hull being curved, it is obvious that 
the water follows a longer path from bow to stern 
than on a plank, and for quite fine models Wigley 
has shown that the increased frictional resistance 
due to fore-and-aft curvature may amount to 8 per 
cent. The transverse curvature also increases the 
specific frictional resistance, as shown by Land- 
weber, and this effect will be greater the smaller the 
actual models.” 
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Cy CURVE FOR MODEL 


(MOPEL) 


SURFACES) 


(2 DIMENSIONAL TURBULENT 
FLOW LINE FOR SMOOTH 


Cy CURVE FOR 
SMOOTH SHIP 


j Ce (SHIP) = Ca(MODEL) 
AT SAME 
VALUE OF 


Cr (SHIP) 


The principal component of the residuary resist- 
ance is that due to wave-making, and the shape of 
the wave profile along the length changes the wet- 
ted surface and so the skin friction. At the same 
time the development of the frictional boundary 
layer from bow to stern affects the wave-making 
resistance by virtually altering the shape and length 
of the hull. It is clear that all these different com- 
ponents react with one another, and herein lies the 
difficulty of the extrapolation problem. In recent 
years a new approach has been made by Hughes as 
a result of much research carried out in the Ship 
Division of the National Physical Laboratory.**> By 
running planks of various sizes and aspect ratios, 
he extrapolated his results to give a curve of Cy to 
a base of Reynolds’ number R which he maintained 
applied to smooth, two-dimensional flow (Figure 1). 
When ship models were run down to low speed/- 
length ratios, he found in general that with ade- 
quate turbulence stimulation they finally became 
approximately parallel to the two-dimensional C, 
line but considerably higher in absolute value. The 
increase in Cy is r'Cy, where r is a form factor which 
depends on the model’s fullness and proportions and 
in general increases with fullness. Experiments with 
models of the same shape but different sizes—geosim 
models—convinced Hughes that the factor r was 
constant for a given shape of hull. The method of 
extrapolation he proposed was therefore to find the 
value of r from model tests, draw an extrapolation 
curve given by (1+r)C, and add to it the model 
values of Cz at the appropriate V/\/L and R values 


for the ship. The extrapolation line would be unique 
for each design, and determined in the first place 
by model experiments. In time its dependence on 
hull form and proportions could probably be found 
and a general formulation developed to give the 
proper value in any given example. 

The International Towing Tank Conference at its 
meeting in Madrid in 1957 devoted much time to a 
discussion of the problem of resistance extrapola- 
tion. Although it was agreed that something in the 
nature of a form factor was required, it was gen- 
erally thought that sufficient knowledge was not 
yet available to justify its adoption for universal use. 
However, it was recognized that a somewhat steeper 
line than the A.T.T.C. line was required, especially 
at the lower Reynolds’ numbers, in order to recon- 
cile geosim results, and a new line of Cy based on R 
was adopted, called “the I.T.T.C. model/ship corre- 
lation line, 1957.” The formula for this line is 

Cr=0.075/ (log’*°R—2) 

It should be noted that great care was taken by the 
Conference not to label this line as a skin friction 
line, and this is important. It is to be used solely for 
the purpose stated so clearly in its name, and the 
presence of the date of its adoption suggests that it 
is by no means final. In point of fact it agrees very 
closely with a Hughes’ line in which r is about 12% 
per cent. 

Using the I.T.T.C. line to obtain the prediction for 
the smooth ship, the next problem to be faced is 
how much should be added for structural roughness 
(welds, rivets, seams, butts, etc.), paint and foul- 
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Cr+ CURVE FOR MODEL 


C+ FROM SHIP TRIALS 


SMOOTH SHIP 


Cr (SHIP) = Ca(MODEL) 
. AT SAME 


| Cr (MODEL) 


(SHIP) 


Sv- 


pr 


FRICTIONAL RESISTANCE COEFFICIENT, Cy = 


oO 
Ge 


8 


| ‘'H (TEN MONTHS 
ATTC 1947 ROUGHNESS SERVICE) 
ALLOWANCE = 0.0004 
G 
OMATET 
SCHOENHERR — ) 
0.242 = 10g, (Re-Cs) ano T 
— 
108 2 3 4 56789109 3 4 5678910" 


REYNOLDS NUMBER Re= 


Figure 3. 


70 AS NE. Journal, February 1960 


> 


Th 
x 
/ 
; (MODEL) j 
AND 
Cr FOR 
i VALUE OF 
We 
— in; 
LOG R 
de 
Figure 2. ob 
cal 
po 
sm 
the 
the 
on. 
a ¢ 
ab 
the 
AC 
co" 
fec 
mc 
tio: 
im 
| by 
3 
fro 
Un 
she 
rou 
wh 
of 
|| 
pli 
I 
val 
ing 
cer 
the 
0.0 
fric 
obt 


“TRANS. IE&SB IN SCOTLAND” 


SHIP HYDRODYNAMICS RESEARCH 


TABLE I 
Roughness Allowances Deduced from Full-Scale Trial and Model Comparison. 


The comparisons are made at the designed speeds, and using the Schoenherr friction formulation for both model and ship 


Ship Type Paint 

A Destroyer Standard 

B_Destroyer Hot plastic 

Cruiser Zine chromate 

Cruiser Hot plastic 

D_ Cruiser Standard 

E Carrier Standard 

F Carrier Zine chromate 

F Carrier Hot plastic (new) 

G Carrier Hot plastic (touched up) 

H_ Destroyer Vinyl resin (clean) 

H Destroyer Vinyl resin (10 months’ 
service) 

I Tanker (single-screw) Commercial 

J Tanker (single-screw) Commercial 

K Liner (twin-screw) Commercial 


ing. This question can only be answered by appeal 
to the results for the actual ship on trial, and a great 
deal of effort has been expended in recent years in 
obtaining good trial data and comparing them with 
carefully conducted model experiments. 

Using the L.T.T.C. or A.T.T.C. line as the extra- 
polator, the resistance curve as predicted for the 
smooth ship can be determined (Figure 2). From 
the thrust and power measured on full-scale trials, 
the resistance of the actual ship can be found, albeit 
only by making certain doubtful assumptions, and 
a curve of C; for ship drawn. This will usually be 
above the predicted curve for the smooth ship, and 
the difference is the so-called roughness allowance, 
ACy. It is important to remember that this quantity 
covers a multitude of unknowns, including scale ef- 
fect on the propeller and propulsion factors, and 
moreover depends upon the method of extrapola- 
tion used to obtain the smooth resistance curve. The 
importance of this roughness allowance can be seen 
by reference to some full-scale trial data. In Figure 
3 and Table I are shown the values of AC, derived 
from some warships and merchant ships built in the 
United States.’ Those run with zinc chromate paint 
should be representative of the effects of structural 
roughness only, that is, welds, butts, seams, etc., 
whereas the remainder are indicative of the effects 
of different paints and the care taken in their ap- 
plication. 

For the structural roughness, the values of AC, 
vary between 0.00015 and 0.00055, the correspond- 
ing increases in frictional resistance over that of the 
smooth ship being 12 and 45 per cent (5 and 20 per 
cent on total resistance). For different types of paint 
the roughness allowance varies from 0.00010 to 
0.00095, or between 7 and 77 per cent on the smooth 
frictional resistance. The lowest values of ACr were 
obtained with smooth commercial-type paint on all- 


Per cent. increase in Method of 

Cc, Frictional Total measurement 
smooth AC, resistance resistance of ship data 
0.00147 0.00040 28 9 Thrustmeter 
0.00148 0.00065 45 14 Thrustmeter 
0.00129 0.00015 12 5 Thrustmeter 
0.00129 0.00075 58 23 Thrustmeter 
0.00137 0.00010 7 2 Thrustmeter 
0.00154 0.00015 10 5 Thrustmeter 
0.00130 0.00055 45 20 Thrustmeter 
0.00130 0.00070 55 25 Thrustmeter 
0.00130 0.00095 77 34 Thrustmeter 
0.00144 0.00045 30 8 Thrustmeter 
0.00144 0.00075 53 14 Thrustmeter 
0.00150 0.00015 10 5 Torsionmeter 
0.00150 0.00030 20 14a Torsionmeter 
0.00143 0.00040 28 12 Torsionmeter 


welded hulls, the highest values for paints designed 
primarily to resist fouling and so to extend the time 
between dockings for cleaning and repainting. The 
choice between these two types of paint is clearly 
an economic one, setting the saving in fuel in the 
one instance against the reduction in docking and 
cleaning costs in the other. 

The ship trial results have been confirmed in a 
general way by experiments on planks coated with 
different paints.’ The difference in character of the 
paint surfaces is well illustrated in Figures 4 (a) 
and (b). The increase in resistance, ACr, due to the 
zine chromate was 0.00004 and for the hot plastic 
0.00090. Taking as a basis the smooth ship, the in- 
crease in resistance due to roughness, ACy, as found 
in these experiments, was practically constant for 
any given vessel over the whole speed range (Fig- 
ure 3). 

Trial data have been obtained on a large number 
of merchant ships by the British Shipbuilding Re- 
search Association, and in view of the recent adop- 
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tion of a new correlation line at Madrid, compari- 
sons between these ships and the corresponding 
models run at N.P.L. have been made by Clements 
using the new line for the prediction of the smooth 
ship resistance.* The average values of AC, for the 
single-screw ships for vessels having the shell 50, 
75 and 100 per cent. welded were 0.00042, 0.00034 
and 0.00020, representing increases on total resist- 
ance of 18, 15 and 9 per cent respectively. It must be 
stated, however, that in any one group, and indeed 
between sister ships, there were very wide di- 
vergences in this allowance. For twin-screw ships 
with hulls all-riveted, 50 per cent and 75 per cent 
welded, the figures were respectively 0.00087, 0.00033 
and 0.00025, or 32, 9 and 10 per cent. 


The increase in resistance due to structural rough- 
ness directs attention to the need for better finish 
in all hull fittings and welds and the elimination of 
overlapping joints and rivets wherever possible. As 
to paints, there is much evidence pointing to the 
advantages to be derived from smooth glossy paints 
if these can be developed to show good anti-fouling 
properties. Since frictional resistance constitutes the 
greater part of the total resistance for most ships, 
the effects of roughness upon horsepower can be 
very large; there is a fertile field here for the sav- 
ing of fuel costs, and there is no doubt as to the 
need for and value of further research and knowl- 
edge in this subject, both as regards structural and 
paint roughness and fouling. In this respect, it is 
necessary to be able to relate the type of roughness 
to the resulting increase in resistance, and much 
work is being done in this field both in air and 
water. If such figures are obtained on model size 
there remains the problem of how to scale these re- 
sults for application to the full-size ship, and Gran- 
ville has recently made a significant contribution by 
which the results of tests on model scale of a sam- 
ple of a rough surface can be used to predict the 
resistance on full scale without the need to corre- 
late roughness geometry with resistance.° 

Work is also continuing on mathematical methods 
of calculating the wave-making resistance of ships 
by Havelock, Weinblum, Wigley, Guilloton, Lunde, 
Korvin-Kroukovsky and others, but this has not yet 
reached the stage of giving practical quantitative re- 
sults, due largely to limitations in the mathematical 
theory and the presence of viscosity. Experimental 
work on models is in hand at the National Physical 
Laboratory in which the pressure distribution over 
a hull and the velocity distribution in the boundary 
layer are being measured in an effort to determine 
their effects on wave resistance and its inter-relation 
with form and skin-friction resistance. With the ad- 
vent of the modern computer, the labor is virtually 
removed from these wave-making resistance calcu- 
lations, and shipbuilders can look forward to more 
rapid progress in the theoretical work in conse- 
quence. 


72 A.S.N.E. Journal, February 1760 


At the present time, theoretical methods have not 
advanced sufficiently to give numerical answers to 
specific hydrodynamic design problems. For power 
estimates the designer relies in the first place on his 
own accumulated data, which consist of the results 
of model tests and the corresponding ship trial re- 
sults. For general use, the data derived from a large 
number of isolated model tests are not of great 
value, and no satisfactory statistical correlation has 
yet been carried out for any such mass of data, al- 
though the high-speed computer may alter this sit- 
uation. For estimating purposes, the results of meth- 
odical series tests, in which the parameters are 
varied in a systematic manner, not only provide the 
most convenient and useful type of design chart, but 
also give the greatest return in the form of useful 
data for a given expenditure of time and money. 
Series tests of this nature have been carried out in 
many countries, from the days of Froude onwards. 
At present the British Shipbuilding Research As- 
sociation has such a program in hand, covering ships 
from 0.65 block coefficient up to 0.80. These tests 
are exploring the effects of change in L.C.B. posi- 
tion and in proportions (L/B, B/H) upon resistance 
and propulsive efficiency. At N.P.L. series repre- 
sentative of coasters and trawlers are now being 
run, and some of the results have been published. 
In the United States a large series of models (Series 
60) has recently been completed at Taylor Model 
Basin.’°"+*2 It covers a range of block coefficient 
from 0.60 to 0.80, and at each point in this range the 
optimum position of L.C.B. has been determined. 
Adopting these positions for new parent models, 
L/B and B/H were then varied to cover current 
design practice in the United States and contour 
charts produced giving the resistance results in both 
the American presentation of lb. per ton of displace- 
ment and in the British notation. From the 
propulsion tests similar charts of wake and thrust 
deduction were derived. The amount of data to be 
analyzed in order to produce such charts was very 
great, and it is interesting to note that the fairing 
was carried out by using the Univac computer at 
the Taylor Model Basin. The Series 60 models are 
all related geometrically so that one can draw out 
the lines of an intermediate model having any de- 
sired dimensions, displacement and L.C.B. position 
with the greatest of ease, and also by interpolation 
on the contour charts obtain a very close estimate of 
e.h.p. and propulsive efficiency. 

There have also been important series tests car- 
ried out at other towing tanks, notably the work of 
Lindblad, Nordstrém and Edstrand at Gothenburg, 
and in Japan on fishing craft. With the arrival of 
the super-tanker and the large vessels on the Great 
Lakes, the present series stopping at 0.80 block co- 
efficient do not extend far enough, and it is neces- 
sary to extend these to fuller coefficients. There is 
also a notable difference in European and American 
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practice in the possible use of a bulbous bow, and a 
systematic series of experiments to evaluate this 
point, based on one of the existing series, is long 
overdue. 


PROPULSION 


The problem of the efficient propulsion of a ship 
involves both the design of a propeller efficient in 
itself as an instrument for turning torque into thrust 
and the correct matching of the propeller to the 
particular hull for which it is designed. In model 
technique, the performance of the propeller itself, 
operating in undisturbed water, is referred to as the 
“open” performance and a knowledge of this is an 
essential part of the propeller design problem, as it 
is by a comparison of this with the performance of 
the same propeller behind the hull that knowledge 
of wake and thrust deduction is derived. 

In the first approach to any design problem it is 
usual to use propeller design charts. These are pre- 
pared from the results of model tests made in open 
water on a series of propellers in which the princi- 
pal features such as pitch ratio, blade area ratio 
and blade section shape are varied systematically. 
Many such series have been run in the past, among 
the best known being those run at the Wageningen 
Tank by Troost and his colleagues and the series of 
wide-bladed screws run by Gawn at Haslar. A new 
standard series is presently being run at N.P.L. 

The simplest screw is one having a uniform pitch 
all over the blades, but this is not the most suitable 
for working in the mixed inflow conditions existing 
in a ship’s wake. A deeply submerged submarine, 
having a single screw and a hull in the form of a 
body of revolution, will produce a wake which is 
axi-symmetric and in which the inflow velocity 
varies radially from centre line to tip of screw but 
is constant around any circumferential line. Any 
blade section will always operate under constant in- 
flow conditions, and it is then possible to design a 
propeller having a radial pitch variation to give 
maximum performance at all radii. For surface ships 
the wake is far from symmetrical and varies both 
circumferentially and radially. It is manifestly im- 
possible to take the former variation into account, 
and the best that can be done is to assume an aver- 
age wake around each radius and then design the 
pitch to suit this average circumferential distribu- 
tion. Since the wake pattern is different for every 
particular combination of hull shape and propor- 
tions, it is not possible to devise model series to take 
account of this factor, although for average single- 
screw ships Troost made some attempt to meet the 
difficulty by reducing the pitch by 20 per cent. at 
the boss. The desire to take into account this radial 
wake distribution has led to a persistent search for 
theoretical methods of propeller design which would 
allow of the optimum choice of pitch and area dis- 
tribution and section shape over the whole blade. 
Perhaps the first practical method of designing a 


propeller on the basis of the vortex theory was that 
due to Helmbold in 1924.'* Since that time the the- 
ory has been further advanced by such well-known 
people as Glauert, Goldstein and Lerbs. 


The rigorous design method is long and compli- 
cated, and numerous approximations have been in- 
troduced by which many of the steps can be done 
by reference to curves of correction factors with- 
out material loss of efficiency in the final perform- 
ance. If the wake pattern behind the hull is known, 
the use of any one of these methods will give a 
propeller of good performance which will not be 
susceptible to any but minor improvements in ef- 
ficiency. 

When the thrust loading becomes high, due to 
high power transmission on propellers of limited 
diameter, the problem of cavitation arises. On all 
counts, this is a phenomenon to be avoided, and it 
can be delayed by careful design using one of the 
design methods mentioned above. Generally speak- 
ing, its avoidance calls for large blade area ratios 
and a proper choice of blade section shape and pitch, 
so as to ensure as far as possible shockless entry of 
the water at the leading edge and a uniform pres- 
sure distribution over the back of the blades so as 
to avoid high peaks which would initiate cavitation. 
Much of the data on section lift and drag charac- 
teristics used in marine propeller design have been 
derived from tests in wind tunnels. These are no 
longer valid for use when the sections are working 
in water in cavitation or near-cavitation conditions, 
and attention has recently turned to experiments de- 
signed to give information in this field and the theo- 
retical methods of designing sections to give any de- 
sired pressure distribution under such conditions."*"* 
This work will also be applicable to other naval 
architecture problems, such as hydrofoil boats, anti- 
roll fins and rudders. 

Despite one’s best endeavors, the time comes when 
no further care in design can prevent cavitation on 
a marine propeller, and one is then tempted to in- 
quire what would happen if one tried to design a 
propeller to work in a fully-cavitating condition—by 
which is meant the condition in which the whole of 
the back of the blade is enclosed in a cavity and no 
longer in contact with the water. This would sug- 
gest at once that cavitation erosion would be greatly 
reduced, as it is believed to be due to the collapsing 
of the cavities on the rear part of the blades, and 
this would no longer happen. Such propellers— 
somewhat unfortunately called “super-cavitating”— 
have been used on high-speed motor boats for many 
years, but the first theoretical study seems to have 
been made by a Russian, M. Posdunine, in 1944.%° 
In the discussion on that paper, results were given 
of experiments carried out in 1939 by the present 
author in the water tunnel at N.P.L., in which an 
ordinary marine propeller was run over the super- 
cavitating range. These experiments indicated that 
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the efficiencies would be of the order of half those 
attainable by the same propeller under non-cavitat- 
ing conditions. With the continued demand for 
higher speeds and powers, interest in this type of 
propeller has been revived, and Tulin has shown 
that by a proper choice of the shape of the face of 
a section, lift and drag characteristics can be ob- 
taned in fully cavitating flow which are comparable 
with those found in non-cavitating flow.’ The shape 
of the back is unimportant, except that it must be 
inside the back cavity, so as to be unwetted. In prac- 
tice this means that the leading edge must be knife- 
like, and to obtain adequate strength the section be- 
comes wedge-shaped (Figure 5). Tachmindji and 
Morgan have taken the work of Tulin and applied 
it to the design of marine propellers.'* They used 
the same theoretical methods as they had previously 
developed for non-cavitating propellers, substituting 
the sections suggested by Tulin. The resulting pro- 
pellers have efficiencies comparable with those of 
non-cavitating propellers (could the latter be de- 
signed to fulfill the same conditions!). The work of 
Tachmindji and Morgan well illustrates the revolu- 
tion which the high-speed computer has brought to 
this subject. The design problem was programmed 
for the Univac at Taylor Model Basin, and then the 
performance of some 30 screws was calculated in 
which the design conditions were varied to give in 
effect a methodical propeller series. From the re- 
sults the above authors were able to draw design 
charts for super-cavitating propellers from which 
the dimensions can be found to suit known design 
conditions. Two or three propellers were made and 
tested and gave results within 3 per cent of those 
calculated, which gives confidence in the use of the 
design charts. To make and run the 30 propellers in 
a tank and draw the design charts from the results 
would have taken very much greater effort and 
time, and one sees here a fruitful field for the use of 
such computers. 

A word of caution must be given about the use of 
fully-cavitating propellers. The efficiencies are not 
better than those of non-cavitating propellers, and 
therefore cannot be expected to improve in any way 
the performance of ships in which cavitation is not 
a problem. Perhaps the best way of describing the 
advance in design is to say that the use of fully- 
cavitating propellers enables the use of the marine 
propeller to be extended to much higher thrust load- 
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ings and speeds then found possible before, without 
undue loss in efficiency. On the other hand, there 
will undoubtedly be difficulties in the design in or- 
der to obtain adequate strength and avoid blade 
vibration. An idea of the practical possibilities of 
using such propellers can be obtained from a chart 
given in Tachmindji and Morgan’s paper (Figure 6). 
Tables have been prepared showing the results of 
designing super-cavitating propellers for a liner, a 
high-speed motor boat and a destroyer.'® These show 
that such propellers are not likely to be of interest 
for merchant ships except in the case of high-speed 
liners, should the latter be designed for speeds of 45 
knots or so, but are already in the practical field for 
high-speed motor boats and even destroyers. It will 
be noted that such propellers enable the designer 
to use a much wider range of r.p.m., and this may 
be a factor in the adoption of higher speed, lighter 
marine engines. 

In addition to super-cavitating propellers, further 
improvements in efficiency are being sought by the 
use of contra-rotating propellers (Lerbs) ,”° of pro- 
pellers in ducts (van Manen),”! and by various 
other units of the jet type. 

Much has been said above about the use of the 
wake distribution in the design of high-efficiency 
propellers. Here lies one of the greatest unknown 
areas in the subject of propulsion of ships. The wake 
at the stern is the result of three principal factors— 
the potential flow around the hull form, the orbital 
velocity in the ship’s wave system at the section 
where the propeller is placed and the frictional 
wake due to the hull. The only way of obtaining 
wake fractions is by the use of model techniques, 
and one is therefore at once led to the question of 
wake scale effect. Of the three components men- 
tioned above, the first two, due to potential flow and 
wave pattern, could be expected to scale directly to 
the ship. The third one, due to frictional wake, 
might be expected to decrease with increase in size 
in going from model to ship due to the decreasing 
specific frictional resistance. Overall, then, we could 
reasonably look for a reduction in wake on the ship 
as compared with that measured on the model. For 
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clean, new ships on trial it has been found at N.P.L. 
that the ship r.p.m. are some 2 per cent. higher than 
predicted from the model, and this could be inter- 
preted as confirmation of a lower wake on the ship, 
but it could equally be due to other scaling factors. 

A long investigation has been carried out at the 
Wageningen tank using geosim models of the Vic- 
tory ship ranging in length from 2.71 to 22.59 meters, 
the scales being % to %. The wake values 
measured on these models by vane wheels were 
given by van Manen and Lap in 1958. They showed 
a progressive reduction in wake with increase in 
size. 

The wake fraction (w) is only one factor in the 
overall propulsive picture and is in general associ- 
ated with the thrust deduction fraction (t) to give 
the hull efficiency (h): 

h= (1—t) / (1—w) 

The values of t for the same models were given by 
van Lammeren et al. in 1955, and showed that t in- 
creased quite-rapidly with increasing size of model.”* 
This was ari unexpected result, as it had generally 
been assumied that scale effect on t was small. How- 
ever, the variation was confirmed qualitatively and 
quantitatively by propulsion and towing experi- 
ments on the U.S. submarine Albacore, the results 
of which were given by Hadler to the I.T.T.C. in 
Madrid in 1957.74 

If the values of w and t given by the experiments 
on the Victory ship models are combined and the 


figures extrapolated to the ship itself, the results 
shown in Table II are obtained: 


TABLE II 
1 1 1 


Model scale 50 40 30 23 18 6 = Ship 
w 0.420 0.405 0.390 0.375 0.370 0.330 0.290 
t 0.192 0.200 0.210 0.220 0.229 0.267 0.331 
(1—t)/(1—w) 1.892 1.344 1.295 1.248 1.224 1.094 0.942 


From the smallest model to the ship the reduc- 
tion in h is no less than 32 per cent. Even from the 
average-sized model used for propulsion tests (4rd 
scale) to the ship it is still 25 per cent, a very dis- 
turbing figure, and it is evident that the situation 
calls for a thorough investigation. The experiments 
in Holland have been continued, and from these it is 
hoped soon to have the analysis wakes derived from 
self-propulsion tests to compare with those quoted 
above from vane-wheel tests, though no great dif- 
ference is expected so far as scale effect is con- 
cerned. It has been stated that the Wageningen tank 
intends to propel and to tow a full-sized Victory 
ship and so obtain full-scale values of w and t, and 
it is hoped that this will be done, although for the 
results to be conclusive great care in the prepara- 
tion of the hull will be needed, or otherwise the re- 
sults will be affected by the roughness of the sur- 
face—the ships are by no means new. 

The possibility of serious scale effect on t has an- 
other important corollary—in deriving the resist- 


ance of a ship on trial from the measured thrust we 
make the assumption that t will be the same on the 
ship as on the model and write 
R=T (1—+t) 

If now t is in fact substantially greater on the ship 
than on the model, the ship resistances calculated in 
the past are all too large, and the derived values of 
AC;,, such as those shown in Figure 3, are too large 
also. This question is of great importance and re- 
search must be pursued until it is solved. In the new 
tank at Feltham it is proposed to do some geosim 
work using models up to 40 ft. in length. It would 
be a great advantage if full-scale resistance results 
could be made available by towing a new, clean, all- 
welded ship first, and using her hull form for the 
geosim tests. The difficulties of towing a ship and 
measuring resistances are great, because of the wake 
from the towing ship, the variations in tow-rope ten- 
sion and so on, but the effort should be made, and 
pushing the ship, propelling it by aircraft engines, 
or towing it by helicopter are possible ways of 
avoiding some of the difficulties. It is intended to 
explore the possibilities of such trials before em- 
barking on the model work. 

The wake fraction appears to be rather sensitive 
to the roughness of the hull due to rough paint or 
fouling. Results given by the author in 1951 for a 
number of ships indicated that the wake fraction 
increased with increasing roughness allowance AC; 
and was indeed generally greater than that found 
on the model.’ 

TABLE III 
AC; 0 (model) 0.00055 0.00070 0.00095 


Per cent. increase in Cr 0 45 55 17 
w 0.167 0.197 0.228 0.295 
Change in hull efficiency oa 1.037 1.079 1.175 


Similar results have been found on artificially-’ 
roughened models. 


SEAGOING QUALITIES OF SHIPS 

In the past the design of ships’ hulls and propel- 
lers has been largely directed towards obtaining the 
optimum smooth-water performance. In general, the 
contract calls for the ship to attain a certain speed 
with a certain power on trial, and naturally every 
effort is made to carry out such trials under as ideal 
conditions as possible to ensure success. Actually 
the ship will probably spend at least one-third of 
her life at sea under worse than average sea condi- 
tions, and her seagoing behavior or seakindliness 
should be a primary consideration in her design. 
That this has not been so to any great extent in the 
past is partly due to the fact that it is extremely 
difficult to set up any standards of satisfactory sea- 
going qualities with the knowledge at present avail- 
able, it has been very difficult to measure ship 
behavior at sea, and facilities for carrying out 
realistic, meaningful model experiments have been 
lacking. 

All this is now changing. During and since the 
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war the work of oceanographers has become more 
and more appreciated by the ship designer, and ship- 
builders are daily learning fresh facts about the sea. 
By considering the state of the sea surface at any 
instant to be made up of a great number of small 
regular components, of different heights and lengths, 
coming from different directions and in different 
phases, the oceanographer has devised means of 
representing sea states by means of energy spectra. 
In such a spectrum the base represents the fre- 
quency or wavelength of the components and the 
ordinates the distribution of energy among the com- 
ponents, these being proportional to the square of 
their heights. The total area under such a curve rep- 
resents the total energy in the sea. By using a num- 
ber of such spectra, each characteristic of one di- 
rection, a three-dimensional pattern can be devel- 
oped. 

The general shape of the energy spectrum is as 
shown in Figure 7, the distribution of energy fol- 
lowing normal statistical distribution curves. The 
shape is also a function of the “age” of the sea, the 
spectrum building up slowly from the high-fre- 
quency end. Many ships are now at sea with sea- 
state meters on board, mostly of the type designed 
and built by the National Institute of Oceanography. 
The analysis of these sea-state records will eventu- 
ally give data about the energy spectra occurring 
in many of the oceans of the world, and in due time 
it should be possible to choose a number of such 
spectra as representative of standard sea-states for 
different trade routes. 

The next problem is to be able to estimate the 
behavior of a given ship in a particular sea-state. 
On the assumption that an irregular sea is made up 
of many regular components, and that the response 
of a ship to waves of different heights is linear, it 
can be stated that as a first approximation the mo- 
tion in an irregular sea will be the sum of the 
motions due to the different components. If these 
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motions can be calculated or measured, then the mo- 
tion in irregular seas could be found. The motion of 
a ship head-on to a regular sea will consist of pitch, 
heave and surge. The equation for pitch may be 
written in the form 


A0+Be+CO=M sin (ot+p) 

e=angle of pitch 

A=mass moment of inertia of the vessel in 
pitch, including the effect of entrained 
water 

B=damping coefficient, assuming the 
damping force to be proportional to the 
velocity 

C=righting force due to buoyancy for a 
unit angle of pitch 

M sin wt=forcing moment due to the passage of 

the wave train of period 27/ 
p=phase angle. 


where 


Similar equations exist for heave and surge. 

The forcing function will depend on the amplitude 
of the waves, the shape of the ship’s hull, the phase 
relationship between the waves and the ship’s mo- 
tion, and it will also depend on the effect of the 
presence of the hull in changing the shape of the 
incident waves. C can be calculated, being equiv- 
alent to a spring constant or a moment to change 
trim, and A and B are, in the present state of knowl- 
edge, best determined by experiments with a model 
in calm water on a pitch and heave oscillator. To 
carry out all these experiments and calculations is 
a long task, although the high-speed computer has 
again placed a powerful new tool in the hands of 
the experimenter. This equation in itself is incom- 
plete, as the pitch and heave each affect the other, 
and the left-hand side should include three other 
terms involving heave to take care of the cross- 
coupling present. 

An alternative method is to use the model as an 
analog computer to integrate all these factors. If the 
model is run successively in regular waves of dif- 
ferent frequencies and measurements of pitch and 
heave obtained, it is found that for values of the 
wave lengths \ less than about 0.75 L and greater 
than 1.50 L the amplitude of motion is relatively 
small. Between these values lies the zone of greatest 
motion, where the ratio of the period of encounter 
to the natural pitching period of the ship is near 
unity. This is called the tuning factor T,/T,. If the 
pitching motion is measured for a range of regular 
waves giving various values of the period of en- 
counter, and values of (pitch/wave height)* are 
plotted to a base of period of encounter, a curve 
very like the energy spectrum of the sea is obtained 
but with its maximum at the point where the tun- 
ing factor is about unity (Figure 7). The ordinates 
of such a curve may be called the pitch response 
operator. If the spectrum of a given sea-state is now 
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plotted to the same base of period or frequency of 
encounter, one can obtain the response of the ship 
in pitch by multiplying together the ordinates of the 
two curves to give the pitch response spectrum, as 


(wave height) ? ( pitch y _ (pitch)? 


wave height So, 
or 
sea spectrum pitch ship 
ordinate x response = response 
operator spectrum 


Here w, is the circular frequency of encounter. This 
spectrum is also shown in Figure 7. It will in gen- 
eral have two peaks, one at the frequency of en- 
counter for which T,/T, is unity, the other at that 
corresponding to the maximum of the wave energy 
spectrum. The first peak corresponds to resonant 
pitching, the second to forced pitching. In this way 
the statistical response of a ship to irregular seas 
having any particular energy spectrum can be de- 
termined. The most important peak is the resonant 
one. 


Lastly, the behavior of the ship may be pre- 
dicted directly from that of a model run in the de- 
sired irregular sea. To be able to do this, it is neces- 
sary to have model tanks or basins specially de- 
signed for such work in which the required sea can 
be generated and in which the model can be run at 
any desired angle to the sea. A number of such fa- 
cilities are now in use or building, some of which 
have been described by Capt. Wright.' One of the 
first was in Holland, where the model is always con- 
strained to run on a straight course by means of the 
usual carriage, the direction of the waves being 
changed to give any desired angle between waves 
and ship course. This is done by having a wave- 
maker 328 ft. in length, in sections only 2 ft. in 
length, and phasing the latter as necessary. An exact 
replica of this tank has been ordered by Russia, who 
already possesses a basin for sea-keeping work some 
558 ft. x 230 ft. The other type of sea-keeping basin 
is rectangular, with wavemakers along either one 
side or two adjacent sides, the direction of the mod- 
el’s course being controlled either by a movable 
bridge spanning the tank, as in the United States 
Navy’s new facility at the Taylor Model Basin, or 
by using self-propelled radio-controlled models as 
: intended in the new basins at Feltham and Has- 

r. 

The importance of seagoing qualities to the owner 
is probably best typified by saying that he is most 
interested in the maintenance of sea speeds, so that 
he can anticipate the schedules of his ships with 
some certainty. This leads one to consider the causes 
of the loss of sea speed. Research in this field has 
shown that on meeting progressively more severe 
sea conditions a ship may at first slow down under 
the effects of increased resistance, either maintain- 
ing the same power or perhaps calling on some re- 


serve. But very soon the governing factor becomes 
the motion of the ship, and the captain is compelled 
to slow down to ease this, whatever power may be 
available, in order to cater for the comfort of his 
passengers and crew, to avoid the shipping of green 
seas and damage to upper works and deck fittings; 
and to avoid slamming and resultant structural dam- 
age to the hull. 


With the increasing demand for higher speeds, 
one of the principal fields in which it is essential to 
engage is research into the causes of execessive mo- 
tions and means to reduce them and their effects. 
One of the most fruitful lines, as in smooth-water 
performance, will be the use of methodical series 
tests, in which the effects of fullness and propor- 
tions upon behavior can be investigated, individual 
parameters being changed in a systematic manner. 
This may lead to some interesting results, especially 
as to the correct choice of hull form for seagoing 
performance as compared with that for smooth 
water. It by no means follows that good perform- 
ance under two such different conditions calls for 
the same type of hull, and it seems probable that 
many hull forms chosen in the past for smooth- 
water conditions, such as those with very full en- 
trances and fine runs, have proved anything but ef- 
ficient in seagoing qualities when in average or bad 
weather. Indeed, there is a whole new field here 
asking for exploration. In the more detailed con- 
siderations of hull design, experiments are also 
needed to evaluate the effects of such factors as 
freeboard at the stem, flare and bulbous bows in re- 
ducing motion and in keeping the ship dry. 

Apart from changes in hull design proper, mo- 
tions can be reduced by the use of damping devices 
such as bilge keels, anti-rolling tanks and fins. These 
are likely to be most efficacious in counteracting 
resonant pitching. In so far as roll is concerned, at 
least two types of activated fins are in use today 
and are rapidly becoming a standard fitting to all 
new passenger ships and some large tankers. The 
reduction of pitch is much more difficult, because 
the forces involved are much larger, and to be ef- 
ficient the fins would have to be near the bow of the 
ship where there are difficulties in attaching them, 
still more difficulties in finding space for any ac- 
tivating gear, and where they are likely to emerge 
from the water in heavy pitching and experience 
slamming forces on re-entry. Nevertheless, the ben- 
efits to be gained from reducing pitch are so great, 
both commercially and militarily, that this research 
must be vigorously pursued. 

In the smooth-water performance, after 90 years 
of model testing, there are still many unknown fac- 
tors in the correlation between ship and model: the 
problems of roughness and scale effect on wake and 
thrust deduction have already been noticed, and 
there are many others. It is obvious that in rough- 
water work the same kind of correlation problems 
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will be encountered, and international model com- 
parisons to date have not been very reassuring. 
While awaiting the completion of the new facilities 
for model work, therefore, the opportunity has been 
taken of carrying out full-scale sea tests to measure 
sea states, loss of speed and ship motions. The first 
tasks of the new tanks will be to repeat these trials 
on model scale and so place the model work on a 
firmer basis so that users may have confidence in 
the results. In the United States two Liberty ships 
have been equipped with sea-state meters and all 
the necessary recording gear to measure motions, 
power and speed, and they have been running on 
the North Atlantic route. In this country an N.P.L. 
Co-ordinating Committee for research into seagoing 
qualities of ship has been set up on which are repre- 
sented the British Shipbuilding Research Associa- 
tion, the Admiralty, the National Institute of Ocean- 
ography and the N.P.L. At present arrangements 
have been made with the Meteorological Office to 
carry out trials on a weather ship in the North At- 
lantic, and it is hoped also to instrument a cargo 
ship for tests on the same route. Incidentally, the 
analysis of records of ship motion and sea-states is 
most laborious, and for these trials every effort is 
being made to obtain digital recording equipment so 
that the data will be recorded on punched tape 
which can be fed straight to a computer on return 
to shore. 

There is no doubt but that we are only on the 


threshold of our knowledge of the seagoing quali- 
ties of ships, and the next few years promise to be 
among the most interesting and exciting which have 
been experienced in ship research for a long time. 


SHIP VIBRATION 


The pattern of development in ship propulsion to- 
day is towards larger and larger powers transmit- 
ted through single propellers. The uneven wake 
conditions experienced by such propellers have 
given rise to serious propeller-excited vibration in 
a number of ships, and this is another field in which 
hydrodynamic research is very active. The desire is 
to make the inflow into the propeller as even as pos- 
sible, and this involves many questions of hull shape 
and stern arrangement. One of the causes of un- 
equal blade loading and therefore of vibration forces 
is the fact that the flow of water at the stern is in- 
wards and upwards, so that a blade coming up on 
one side experiences different forces from the one 
going down on the other. To obviate this as far as 
possible calls for U-shaped sections at the stern, 
which have the effect of making the flow into the 
propeller more horizontal. They may increase e.h.p. 
a little, but this is usually offset by a gain in pro- 
pulsive efficiency. Care must be taken, however, 
that these U-shapes are not carried too far forward 
into the after-body—the hard bilge associated with 
them can then cause separation of flow, with added 
resistance and bad flow to the propeller. As regards 
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stern arrangements, apart from ensuring that the 
body post, rudder and other appendages are well- 
shaped, the most important feature is adequate 
clearance between propeller and surrounding struc- 
ture. Much has been written on this subject, and 
many figures given as to the desirable clearances. 
Nevertheless, very little is known in a fundamental 
sense about the pressure fields around the stern. 
The propeller, operating in a varying wake, ex- 
periences variations in thrust and torque which are 
transmitted to the hull in two ways, namely, through 
the shaft bearings and by pressure fluctuations in 
the water to the hull surface. Lewis has investigated 
these phenomena on a twin-screw model, and found 
that the surface forces were much larger than the 
bearing ones, and that much less force was trans- 
mitted to the hull when fitted with open shafts and 
A-brackets than with full bossings.**** Later Lewis 
and Tachmindji repeated such experiments on a 
single-screw model of a Mariner class ship and got 
reasonable agreement with some full-scale results.” 
However, there were some peculiar and inexplica- 
ble anomalies in the results of these model tests and 
Tachmindji has recently embarked on some funda- 
mental work in a water tunnel, measuring the pres- 
sure fluctuations in the water at various places 
around a propeller, and so endeavoring to find the 
effects of fore-and-aft and tip clearance.**:*® Breslin 
has taken up the problem theoretically, replacing 
the propeller blades by lifting vortex lines, and 
worked out the variation in pressures around the 
propeller and also the force exerted upon a flat plate 
at various positions ahead and astern of a propel- 
ler.*° This work has all emphasized the importance 
of adequate clearance, and in particular that clear- 
ance ahead of a propeller is more important than 
that astern. When considering a propeller behind a 
hull, the flow pattern is most important, and a great 
deal of most valuable information can be obtained 
from visual and photographic observation of the 
flow, made visible by dye or tufts attached to a 
model hull. This work is most difficult, if not impos- 
sible, to carry out in a towing tank, and the real 
way to carry out such tests is in a circulating water 
channel where the water moves and the model is at 
rest, and the flow can be observed from the sides 
and from below at leisure. There is no such satis- 
factory channel on this side of the Atlantic, but it is 
hoped that one will be added to the new Ship Hy- 
drodynamics Laboratory at Feltham before long. 
The provision of such a facility has been approved 
in principle by the Department of Scientific and In- 
dustrial Research, and a design group has been set 
up with representatives from the Ministry of Works, 
Admiralty and N.P.L. to develop functional specifi- 
cations, make a preliminary design and provide a 
cost estimate. 

Interest in the natural frequencies of ships’ hulls 
continues, though mostly confined to the first two 
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modes of each kind. For improved calculations, more 
information is required on virtual mass effects, 
especially in the horizontal plane, and this research 
is being continued experimentally for the British 
Shipbuilding Research Association at Feltham, 
where a new vibration laboratory is now in use. 
Much theoretical work on virtual mass is also being 
done, notably by Landweber. Since most propeller- 
excited vibration experienced today is of blade- 
frequency, it is almost impossible to avoid resonance 
with some hull criticals, especially in view of the 
poor accuracy of calculated frequencies of the 
higher modes and the varying conditions of ship 
loading met with in practice. Emphasis has there- 
fore shifted towards obtaining a reduction in the 
propeller-exciting forces—by adequate clearances 
and smoother inflow, as discussed above—and to the 
calculation of the response of a ship’s hull to forced 
vibration from such forces. This will entail much 
research into the strength of the structure and its 
damping characteristics. When an acceptable stand- 
ard of vibration has been set up and both the ex- 
citing forces arising from the propeller and the re- 
sultant amplitude which they will cause can be cal- 
culated, research will have gone a long way towards 
a final solution of a difficult problem. In the mean- 
while special attention must be paid to propeller 
clearances, to proper shaping of stern features and 
to a proper choice of the number of propeller blades. 
In the average single-screw ship 5-bladed propel- 
lers have been shown to cause much smaller forces 
than either 3 or 4, but care must be taken to ensure 
that such a change does not give rise to new trou- 
bles in shaft vibration." 


THE FUTURE 


In looking towards the future in hydrodynamic 
research, it is possible to foresee certain trends. As 
regards smooth-water resistance, the improvement 
in hull forms over the last 90 years cannot be ex- 
pected to continue indefinitely, and in most in- 
stances near-optimum designs can be prepared to- 
day from the results of series or closely similar 
model data. The greatest improvement that can be 
made to such ships is in the reduction of resistance 
due to hull roughness, caused either by structural 
features such as welds, butts, seams or rivets, bad 
plate surfaces and paints or by fouling. Evidence of 
the importance of this feature has already been 
given. For high-speed motor boats it is probable that 
the hydrofoil boat will become more and more com- 
mon, as it can attain an equal speed on about half 
of the power and in addition can cope more easily 
with moderate seas. It does not seem to have much 
promise in large sizes, but no doubt research will 
continue in this field to obtain more efficient lifting 
foils, better strut designs to prevent cavitation and 
aeration and more efficient ways of getting power 
into the water. 


For the passenger and cargo ship it is believed 


that the most fertile field in the immediate future is 
research towards an improvement in seagoing quali- 
ties, designed to make ships more comfortable and 
able to maintain higher speeds in rough weather. 
This means in effect reducing the motions of pitch, 
roll and yaw, and model experiments will be di- 
rected increasingly towards these ends by improve- 
ments in hull form and the provision of various 
damping devices. 

The greatest single factor in future propulsion is 
the advent of nuclear power plants. Simply to re- 
place other propulsion plant by a nuclear one makes 
no difference to the hydrodynamic design problem, 
at least so long as the power is transmitted through 
a turbine, shaft and propeller. If in time other means 
are found of harnessing atomic power, then the pic- 
ture may greatly change. However, the possibility 
of having nuclear power without the need for large 
quantities of fuel opens up the prospect of faster 
ships which could maintain full power for long peri- 
ods. This will mean new considerations in ship de- 
sign, finer ships, and seagoing performance will be- 
come even more important, as it is of little use 
installing higher power if this only gives higher 
smooth-water speeds and no improvement in sea 
speed because of excessive reaction to the sea. Re- 
search in this field must be expanded. 

The possibilities of higher speed and power from 
nuclear propulsion also raises the question of how 
such powers are to be delivered without excessive 
cavitation problems. Increased diameter and blade 
area have reached almost their limits on modern 
liners and warships, and research should now be 
directed towards the use of ducted propellers where 
cavitation can be delayed and efficiency improved 
by the use of multi-bladed pump-type runners and 
guide vanes. There is a price to be paid for such ar- 
rangements, but this may be necessary. Finally, the 
fully-cavitating or super-cavitating propeller can be 
developed to operate efficiently, thinking in terms of 
speeds of 50 knots or more. 

As the speed of surface ships is forced up, one 
approaches nearer and nearer to the barrier due to 
excessive wake-making resistance. In such circum- 
stances it is tempting to suggest that the ship of the 
future may well be a submarine. This undoubtedly 
eliminates the wave-making resistance and also re- 
moves the ship from the effects of bad weather if 
she runs deeply enough submerged. However, there 
are many other hydrodynamic and operational prob- 
lems. The immediate effect of putting the ship un- 
der water, so to speak, is to increase the wetted 
surface to such an extent that the additional skin 
friction resistance much more than offsets the wave 
resistance at low speds, and it is only at high speeds 
that the submarine begins to show superior results. 
Also, the submarine requires much complicated 
equipment absent in the surface ship, must resist 
water pressures, carry water ballast in considerable 
quantities to deal with trim problems, and so on, so 
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that for the same deadweight she must have a 
greater displacement. There are also many hydro- 
dynamic problems in the directional stability and 
control of such a ship which would need much re- 
search before they could be confidently overcome. 
The operational difficulties arise from the draft of 
water required, the problem of docking such a craft 
for repairs and painting, the berthing for loading 
and unloading, and the difficulties in the latter event 
were the ship carrying anything but liquid cargo. 
All this points to the fact that the first submarine 
merchant ship is likely to be a tanker, and many 
calculations have been made as to the economic 
possibilities. This is not the time or place to go into 
these, but a single example may be quoted as show- 
ing some of the hydrodynamic aspects.*? A tanker 
to carry 75,000 tons deadweight has been assumed 
to have a displacement of 100,000 tons as a surface 
ship and 150,000 tons as a submarine. In such con- 
ditions, the submarine does not begin to show any 
reduction in power until a speed of 32 knots is 
reached, when the power is some 200,000 shp, or 
comparable with that of the Queens. The question 
of whether such a ship would be economically feas- 
ible depends on the prices of oil and of ship opera- 
tion, first costs, the availability of skilled crews will- 
ing to operate such a vessel and the provision of 
adequate berthing and docking facilities. The first 
submarine tanker is probably still a long way off 
as an economic proposition, but it is quite possible 
that such a vessel will be built by government as- 
sistance either for defense purposes or as an experi- 
mental, nuclear-propelled ship. There is a wide and 
difficult field of research ahead before such a ship 
could be built, and doubtless much thought will be 
given to the problems involved in the next few 
years. 
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DEVELOPMENT OF SCREW PROPELLER THEORY 


M ANY MECHANICAL devices are used extensively 
in practice before their behavior is really under- 
stood. But very seldom is optimum performance ob- 
tained until the physical laws underlying the actions 
of a device have been correctly interpreted and a 
sound theoretical analysis of its performance has 
been made. The screw propeller is no exception; its 
evolution to the stage of development reached by 
1860 was primarily based on an empirical approach. 
Although improvements were made they were the 
result of intuitive reasoning by competent engineers 
rather than of a complete understanding of hydro- 
dynamic behavior. 

Reasonable and logical theoretical treatment was 
not applied to the screw propeller until 1865 when 
the famous hydrodynamizist and engineer, W. J. M. 
Rankine outlined the simple momentum theory of 
propeller action. This theory was improved and ex- 
tended by R. E. Froude in 1883. Rankine and Froude 
considered the propeller to be an imaginary actuator 
disc. The disc was assumed to move through the 
liquid at any given speed without friction and to im- 
part a momentum to the liquid passing through it. It 
delivered a thrust corresponding to the rate of 
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change of this momentum. This disc constituted the 
ideal propulsion device and was as efficient as was 
theoretically possible. Theories elaborating this mo- 
mentum principle, i.e. that the production of thrust 
was due to momentum changes taking place in the 
surrounding medium, were developed by Greenhill, 
Lorenz, Bendemann, and Betz. 

Another theoretical treatment took as its starting 
point a consideration of the forces developed by in- 
dividual blade elements which were defined to be the 
sections created by the intersection of the propeller 
blade and a cylinder concentric with the propeller 
axis. The total force developed by the propeller was 
obtained by integrating these forces over the propel- 
ler radius. Blade-element theories were developed by 
Weissbach, Redenbacher, W. Froude, Riehn, D. W. 
Taylor, Drzwiecki, Rateau, Lanchester, Eberhardt 
and others. 

Finally the difference between the momentum 
theories and the blade-element theories were recon- 
ciled by Betz and Prandtl of Gottingen in 1927. They 
applied the Kutta-Joukowski circulation theory to 
the problem and showed the relationship between the 
momentum changes in the medium and the forces 
acting on the blade elements. Expansion of these 
ideas by Pistolesi, Bienen, von Karman, Glauert, 
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Goldstein, Kawada, Helmbold, Schoenherr, Lerbs, 
Troost, van Manen, Hill, and Morgan evolved a work- 
able application of theory to a rational design 
procedure. 

Comprehensive treatises on propeller design were 
published by Carl Busley in 1885, David W. Taylor 
in 1893, J. Pollard and A. Dudebout in 1894, S. W. 
Barnaby in 1900, G. S. Baker in 1905, H. Johow and 
E. Foerster in 1928, G. Kempf and E. Foerster in 
1932, G. S. Baker in 1933, and Karl E. Schoenherr 
in 1939. The most complete work on the subject is 
included in the book, “Hydrodynamics in Ship De- 
sign,” by Captain Harold E. Saunders, USN, pub- 
lished in 1957. 

Probably more theoretical work has been done on 
propellers than on any other phase of ship design. 
The gradual transition from total empiricism to 
mathematical design is still in process, but with the 
knowledge which now exists the design of a good 
propeller is much more of a science than an art. Of 
more interest to modern theoreticians than propeller 
geometry are the intricacies of cavitation inception 
and the definition of the characteristics of the pres- 
sure field surrounding the propeller. By obtaining a 
greater insight into these phenomena the theoretician 
will eventually be in a position to aid the designer in 
the more difficult applications of screw propellers 
which can be expected in the future. 


Move. TESTING 

Supplementing the theoretical work on propeller 
design was the development of techniques for testing 
scale models of ships and propellers. William Froude 
laid the foundations of the science of scale model re- 
sistance measurement; his Law of Comparison pro- 
vided, for the first time, a reliable means of predicting 
full scale resistance from model tests. In 1874, Froude 
built the first model towing tank at Torquay. He also 
proved his contentions regarding scaling laws by 
conducting models and full scale resistance exper- 
iments on the Greyhound. The work of Osbourne 
Reynolds on frictional resistance, published in 1883, 
lent further scientific basis to the model testing 
technique. 

The shipbuilding industry throughout the world 
quickly grasped the importance of this novel method 
of determining a ship’s performance prior to its con- 
struction. Model experiment stations were built at 
Dumbarton 1883, Haslar 1886, Spezia 1889, Lenin- 
grad 1891, Ubigau 1892, St. Petersburg 1893, Wash- 
ington 1898, Bremerhaven 1900, Hamburg 1908, 
Nagasaki 1908, Tokyo 1910, Teddington 1911, Vienna 
1919, Langley Field 1929, Rome 1930, Ottawa 1930, 
Waganingen 1932, Newport News 1933, Hoboken 
1935, and Carderock 1938. 

Early in the history of model testing, self propul- 
sion of models was introduced to provide additional 
information on the overall performance of new ships 
designs. Self-propulsion work was reserved primarily 
for the large model towing tanks because of the 
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TABLE I 
Model Towing Tanks 


(Dimensions in feet) 


Country Location Length Breadth Depth Date 
Austria Vienna 591 325 164 1919 
Brazil Sao Paulo 7. 321 7.5 1955 
Canada Ottawa I 400 9.0 6.0 1930 
II 450 25.0 10.0 1951 
England Torquay 279 36.0 100 1874 
Dumbarton 300 200 98 1883 
Haslar I 400 200 9.0 1886 
II 890 40.0 18.0 1932 
Clydebank 490 32.7 13.1 1904 
Teddington I 549 300 125 1911 
I 678 200 90 1932 
St. Albans 384 210 151 1912 
Kings College 131 118 92 1952 
Germany Ubigau 203 262 98 1892 
Bremerhaven 538 196 105 1900 
Berlin 548 268 13.7 1902 
Charlottenburg 528 345 115 1903 
Hamburg I 541 200 147 1908 
II 607 328 21.0 1908 
Il 1148 164 8.2 1931 
Holland Wageningen I 820 345 18.0 1932 
II 328 805 82 1956 
Delft I 131 89 43 1938 
I 315 140 85 1957 
Italy Spezia 479 19.7 98 1889 
Rome 902 410 206 1930 
Genoa 157 9.2 5.2 1947 
Japan Nagasaki — 200 100 1908 
Tokio 902 200 12.0 1910 
Russia Leningrad — 217 492 = 1891 
St. Petersburg 500 200 11.0 1893 
Moscow 558 — 213 1933 
Spain El Pardo 689 410 213 1932 
Sweden Goteborg 853 358 164 1940 
United States Washington 470 42.7 164 1898 
Ann Arbor 360 22.0 10.0 1905 
Langley Field I 2920 240 12.0 1931 
I 1880 180 60 1942 
Ill 360 240 80 1942 
Newport News 56 8.0 40 1933 
Hoboken I 109 90 45 1935 
II 75 750 45 1942 
Il 313 120 60 1944 
Carderock I 2775 «4510 220 1938 
II 2968 210 10.0 1938 
Ill 303 51.0 10.0 1938 
IV 142 100 55 1938 
Evanston 75 88 8.0 
Glen Cove 93 100 50 1948 
Cambridge 1088 0640 1951 
U. of California 200 80 55 1955 


added difficulties involved in accurately scaling 
torque, thrust, and revolutions per minute; thus the 
size of towing tanks is an indication of their adapta- 
bility to self-propelled work. Table I lists the di- 
mensions of several of these installations. 

The testing of self-propelled scale models of ships 
is considerably more complicated than conducting re- 
sistance tests on the hull alone. It requires tests of the 
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propellers, and the hull, individually, and then a test 
of the two combined. 

To test a propeller requires what is called an 
“open water” condition. The water which enters the 
propellers must be smooth and moving at a constant 
velocity across the entire propeller disc area. In this 
condition the screw is exposed only to flow which is 
unaffected by the presence of a hull in front of it. 

These tests can be made in a circulating water 
tunnel, but generally they are run in the model ba- 
sin, The vehicle employed for carrying the propeller 
is usually a boat-shape hull which is towed under 
the model towing carriage. Instead of the propeller 
being at the stern of the hull, it is carried at the for- 
ward end of a long shaft protruding from the bow. 
Because of this positioning the flow around the hull 
does not influence the propeller. 

The propeller shaft is driven by an electric motor 
contained within the hull, as seen in Figure 1. This 
motor is mounted in a system of balances which are 
called torque and thrust dynamometers. The torque 
dynamometer measures the reaction torque of the 
motor to the torque exerted by the propeller in turn- 
ing. The thrust dynamometer measures the axial 
force exerted along the shaft line as the propeller 
pulls the boat through the water. Also a tachometer 
measures propeller revolutions per minute. 

The hull is towed through the water by the towing 
carriage at a number of different speeds. For each 
speed a series of propeller rpm’s is used. In each com- 
bination of rpm and speed the torque, thrust, rpm, 
and speed through the water are accurately meas- 
ured. The values obtained are then converted to the 
non-dimensional coefficients Kg, Ky, and J which are 
respectively the torque coefficient, thrust coefficient, 
and advance ratio which are given by the formulas: 


Kg= pn?D® K,= pn?D* 


where: 
Q= Torque 
T= Thrust 
p=mass density of the water 
n=propeller revolutions per second 
D=propeller diameter 
v=propeller speed of advance 


From these values the propeller efficiency (0) is 
also calculated, i.e.: 


Tv 


These values are then plotted to give the Open Water 
Characteristic Curves of the propeller shown in 
Figure 2. The value of J at which the efficiency (no) 
is a maximum represents the optimum combination 


of speed and rpm for the propeller. 


Courtesy Kempf & Remmers, 
Figure 1. Torque and Thrust Dynamometers Mounted in 
Hull for Open Water Tests. 
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Figure 2, Open water characteristic curves for a typical 
Marine Screw Propeller. 


Before the propeller can be installed in the hull 
model of the ship a resistance test of the hull alone 
must be run. This consists of towing the model down 
the basin at a series of speeds. The steady towing 
force required to pull the model through the water 
at each speed is recorded. From the resulting speed- 
resistance information the Effective Horsepower of 
the full scale ship can be calculated. This power, or 
EHP, is that required to move the hull through the 
water without consideration of the propeller or the 
machinery system. After the resistance test the hull 
model is equipped with the same type of torque and 
thrust dynamometers used for the propeller open 
water tests and the model propeller or propellers 
are fitted in their proper position at the stern of the 


_ hull model. The model is now ready for self-pro- 


pulsion tests. Self-propelled models are so equipped 
as to be able to move themselves through the water 
just as the full-scale ship would. However they 
must be supplied with electric power from an ex- 
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ternal source and they,.must be guided to maintain 
a straight course. 

The self-propelled model tests are run with the 
model under the towing carriage. The carriage per- 
forms several functions. It moves at a carefully 
controlled speed along the basin so that the model 
speed is precisely known. It serves to guide the 
model in a straight line throughout each run. It sup- 
plies power for the propulsion motors of the model. 
And it provides a platform for the operators to ride 
on so that the dynamometers and tachometer may 
be read continuously throughout the run. 


The self-propelled model still cannot be consid- 
ered an exact duplicate of the full-scale ship as far 
as the propeller is concerned. According to William 
Froude’s hypothesis the resistance of the hull is 
composed of frictional resistance and wave-making 
resistance. In expanding these resistances to full 
scale, different laws of comparison are used; thus 
the ratio between frictional resistance and wave- 
making resistance for the model are different than 
for the ship. 

To make up for this difference the towing car- 
riage is required to provide a slight towing force to 
the model during the self-propelled tests. This 
force varies for each speed and can be calculated in 
advance of the test. The force is usually called the 
“frictional difference.” When being driven by its 
propeller and aided by this small force, the model 
performs in a manner similar to the ship itself. 


As the towing carriage is started up the basin the 
model propeller is brought up to speed. The propel- 
ler rpm is slowly adjusted until the model, assisted 
by the frictional difference towing force, rides clear 
of the accelerating stops and is self-propelled. When 
in this condition the propeller torque, thrust, and 
rpm are read along with the speed of the model 
through the water. This procedure is then repeated 
for several different speeds. 

The expansion of the self-propelled model test 
results to full scale is a rather complex procedure. 
These calculations result primarily in the predic- 
tion of the Shaft Horsepower and rpm of the full 
seale propeller as a function of ship speed through 
the water. Shaft Horsepower is that power which 
must be delivered to the propeller itself but does 
not include any of the power losses from the fric- 
tion in the stern tube, stuffing boxes or the power 
losses in gears and other mechanical equipment. 

The ratio of the Effective Horsepower to the 
Shaft Horsepower is also important as it indicates 
the overall efficiency of the propeller and hull com- 
bination. This ratio is called the Propulsive Coeffi- 
cient and is shown along with the other perform- 
ance curves in Figure 3. 

The model resistance test, propeller open water 
test, and self-propelled model test are sufficient to 
predict the full-scale performance of many types of 
ships but often they do not tell the complete story. 
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Figure 3. Speed and power curves for a modern single 
screw cargo ship derived from model tests. 


In modern high-powered ships with heavily loaded 
propellers cavitation often occurs. This is the phe 
nomenon resulting from the water flowing around 
the propeller blades failing to close in behind them. 
This results in air being pulled out of solution in 
the water and forming air-filled cavities. When the 
cavities move to a region of higher pressure they 
collapse, resulting in noise, blade erosion, and loss 
of efficiency. 

One of the factors which determines whether a 
propeller will cavitate or not is the static head of 
water above the propeller. The higher this head, or 
pressure, is, the less likely is cavitation. For exam- 
ple a submarine propeller which may cavitate at a 
certain speed when near the surface will not cavi- 
tate at the same speed when submerged to a greater 
depth. 

In the self-propelled model test the actual static 
head of water above the model propeller is obvious- 
ly much less than that for the full scale ship. Other 
conditions which affect the propeller cavitation are 
likewise different. 

To set up conditions for the model propeller from 
which full scale cavitation performance can be pre- 
dicted, a variable pressure water tunnel, Figure 4, 
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Courtesy Kempf & Remmers, Hamburg 
Figure 4. A Recirculating Water Tunnel for Model Propeller Cavitation Tests. 


is required. In this type of tunnel the water is con- 
tinuously recirculated past the propeller, providing 
a smooth flow through the test section in which 
water pressure can be altered. The pressure and 
velocity can be controlled to simulate those condi- 
tions which would occur on a full scale propeller 
and so simulate cavitation effects. 

Water is circulated through the tunnel by a large 
axial flow pump mounted in the lower horizontal 
section. The test portion of the tunnel is in the cen- 
ter of the upper horizontal section where the view- 
ing windows can be seen. The model propeller is 
mounted in this test section on the end of a long 
shaft which runs out through the upper end of the 
tunnel. 

Outside the tunnel this shaft is driven by a motor 
mounted in torque and thrust dynamometers simi- 
lar in principle to those used for the open water 
tests. Again a tachometer is also provided to meas- 
ure shaft rpm. The speed of the water circulating 
through the tunnel can be varied and also its air 
content can be carefully controlled. Glass ports at 


the propeller position in the test section permit ob- 
servation and photographing of the cavitating model 
propellers which result in pictures such as that 
shown in Figure 5. 

The use of model propellers of small size requires 
extreme accuracy in the construction. Metals and 
casting techniques have been developed which give 
very good results, and profiling machines such as 
that shown in Figure 6 ensure authentic duplica- 
tion of the blade shape of the full scale wheel. But 
in spite of these refinements it is still desirable to 
use as large a model as possible, which in turn re- 
quires that all of the facilities and associated equip- 
ment be large. Circulating water tunnels of up to 
24 inches diameter of the test section have been 
used and at this writing the finishing touches are 


_ being put on a new 36-inch diameter water tunnel 


at the David Taylor Model Basin. 

Although model testing facilities, particularly the 
larger ones, are extremely expensive, the cost is 
relatively small when compared to the cost of ships 
being built today. By correcting errors and improv- 


A.S.N.E. Journal, February 1960 85 


RT 
TAGGART 
0 

= 
ed 
nd 
m. 
in 
he 
ey 
of 
or 
n- 
a 
vi- 
er 
tic 
er 
m 
4, 


MODERNIZING THE SCREW PROPELLER 


Figure 5. Tip Vortex Cavitation on a Model Propeller 
TMB 6330. David W. Taylor Model Basin. Cavitating model 
propeller under test in 12-inch Water Tunnel. Picture made 
with 1/30,000th second flash. Note heavy tip vortices, con- 
siderable laminar cavitation near tips and the start of 
burbling cavitation of the blade face near the hub. This is a 
right-hand propeller and the water is flowing from left to 
right. 


ing designs through use of these model testing fa- 
cilities it is possible to save vast sums over full 
scale alterations. 


With the model test facilities and techniques now 


in use it is possible to make very accurate predic- 
tions of full scale ship performance. Through the 
research which can be carried out in these facilities 
continuing improvements in the performance of 
screw propellers can be anticipated. 


ENGINE DEVELOPMENT 


The development of marine engines was one of the 
most important factors affecting screw propeller 
development and raising them to their present emi- 
nence as the foremost mode of ship propulsion. The 
screw propellers in England originally attained the 
speed necessary for satisfactory propulsion through 
the use of slow moving reciprocating steam engines 
coupled with a speed increase gear-train. Although 
Ericsson in the United States developed higher 
speed, direct-drive engines, the speeds obtained 
were still not high enough for satisfactory propul- 
sion. 

A typical installation in 1860 in a vessel 225 feet 
in length consisted of a single-expansion, vertical, 
single-cylinder engine, with a piston 60 inches in 
diameter with a 60-inch stroke driving a four- 
bladed propeller 14 feet 5 inches in diameter. Suc- 
ceeding increases in efficiency and speed were at- 
tained by use of double and triple expansion en- 
gines of two, three, and four cylinders. Condensers 
were improved to obtain greater vacuum and the 
efficiency of boilers was raised by utilization of 
multiple passes of both fire and steam. 
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Figure 6. A Model Propeller Profiling Machine. 


Hardly a typical ship of this era, but at least an 
interesting one, was the Admiral Popov, built in 
Nicolaieff in 1875. This was a circular, dish shaped 
vessel with a diameter of 121 feet, a draft of 13 feet, 
and a displacement of 3553 tons. She was interest- 
ing from a propulsion standpoint in that she was 
fitted with six shafts and six screw propellers driv- 
en by eight double expansion engines totalling 3066 
horsepower. She was said to have attained a speed 
of eight knots. 

A notable incident occurred during the Jubilee 
Year of 1897 off Spithead, England. The might of 
Her Britannic Majesty’s Royal Navy was drawn up 
in two formidable lines, between which the Royal 
Yacht was to pass in review. Patrolling destroyers 
were set the task of preventing any of the hundreds 
of private yachts there for the show from trespass- 
ing in the lane between the battle cruisers. Sud- 
denly a small, insignificant-looking steam launch 
wandered into the cleared area. The destroyers 
charged in to divert the brash intruder. With a 
short belch of smoke from her disproportionately 
large stack, the launch steamed at full speed down 
the lane, easily outdistancing the destroyers, much 
to the consternation and embarrassment of the 
Lords of the Admiralty. 
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Sir Charles Parsons had chosen this dramatic 
method of attracting the attention of the Admiralty 
to one of the most important developments in the 
annals of marine engineering—the steam turbine. 
The boat was the Turbinia (Figure 7)—a 100-foot 
launch with a displacement of only 44 tons. She was 
fitted with three direct-drive Parsons turbines driv- 
ing three shafts with a total power of 2000 horses. 

In the Turbinia the problem of engines which re- 
volved at too low a speed for the screw propeller 
was reversed. The minimum speed of Parsons’s tur- 
bines, Figure 8, was 2000 revolutions per minute at 
maximum power output. To absorb this power Par- 
sons installed three 3-bladed propellers on each 
shaft of the Turbinia, Figure 9. With these nine 
propellers he obtained a speed of 34 knots. 

Sir Charles’s demonstration so startled the Lords 
of the Admiralty that they authorized construction 
of the Viper and the Cobra powered in a similar 
manner. These two ships were the fastest in the 
world in their time. 

Sir Charles Parsons solved his problem of exces- 
sive shaft speed and also made a further contribu- 
tion to the science of marine engineering by install- 
ing the first marine reduction gear in the Vespasian 
in 1910. This marriage of the screw propeller to the 
steam turbine through the medium of a reduction 
gear launched a new era in ship propulsion. It is 
this combination which powers the largest vessels 
in the world today. 

Other types of marine power plants have had 
their place in the development of the screw propel- 
ler and also are used advantageously in a large 
number of modern vessels. One of the most. impor- 
tant of these is the diesel engine. 


The basic idea of an internal combustion engine 
dates back to the gunpowder motor of Roger Bacon. 
Contributors in its development were Denis Papin 
with his gunpowder pump in 1683, Niepce with his 
water-jet piston engine in 1806, Samuel Brown in 
1823, Lenoir in 1860, Beau de Roches in 1862, and 
Priestman in 1888. Finally Rudolph Diesel in 1892 
patented the internal combustion cycle which now 
bears his name. After four years of painstaking de- 
velopment he evolved a workable engine in 1897. 


The first marine diesel installation was made in a 
French canal boat in 1902. The Vulcanus, a 1200 
deadweight ton Dutch tanker was fitted with a 
diesel engine in 1910 to become the first sea-going 
motorship. More and more installations were made 
over the ensuing years until the diesel engine be- 
came a permanent part of maritime history. It is 
probably the most efficient and satisfactory type of 
marine power plant for installations below 3000 
horsepower. 


The tendency toward higher powers and greater 
speeds of ships also led to an increased interest in 
economy. This required improving the efficiency of 
the power plant as well as increasing the efficiency 


é 


Photo, Science Museum, London 


Figure 7. Sir Charles Parsons Turbinia Underway-1894. 


British Crown Copyright, Science Museum, London 
Figure 8. Engine Room of the Turbinia. 


British Crown Copyright, Science Museum, London 
Figure 9, Propellers and Shafting of the Turbinia. 
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of the propeller and reducing the resistance of the 
hull. 


Probably the most ingenious invention inspired 
by this economy wave was the Scott-Still engine 
invented by W. J. Still in 1922. This engine em- 
ployed both a diesel cycle and a triple-expansion 
steam cycle. The upper sections of the cylinders 
contained valves for injecting diesel fuel while be- 
low the double-acting pistons, steam was expanded 
to provide reciprocating power. Feed water was 
heated in the jackets of the diesel cylinders and was 
then generated into steam in a waste-heat boiler 
by diesel exhaust. The exhaust steam from the 
lower half of the engine turned a turbine which 
drove the scavenging air blower for the diesel cyl- 
inders. The steam was then condensed and returned 
to the water jackets to cool the diesel cylinders. 
This engine was installed in the 11,000 ton liner 
Dolius in 1923 but due to mechanical difficulties its 
use was limited to only a few other vessels. 


A different requirement for main propulsion ma- 
chinery development was enforced upon the Ger- 
mans late in the European phase of World War II. 
The introduction of radar-equipped Allied destroy- 
ers into the Battle of the Atlantic forced the Ger- 
man U-Boats to remain submerged for greater 
periods of time, thus limiting their destructive 
power. Although the snorkelling diesel was a par- 
tial solution to their problem, they felt the urgent 
need for a completely closed-cycle machinery plant 
which would permit the U-Boats to remain totally 
submerged for indefinite periods. 


One solution which was tried was the Kriesloff 
Cycle Diesel. This cycle operated on the principle 
that diesel exhaust gases still contain a large 
amount of unburned fuel and unused oxygen. A 
system was developed for recycling the exhaust 
gases and adding only a small amount of oxygen 
from an air bottle supply. It was hoped by this 
means to permit longer submerged operation. 


A second solution tried by the Germans was the 
Walther Cycle, which employed a steam turbine 
drive. Hydrogen peroxide was pumped against a 
catlyst which caused it to break down into water 
and oxygen. The decomposition reaction was suffi- 
ciently exothermic to immediately turn the water 
into steam. The temperature of the steam was fur- 
ther raised by passing the mixture through a com- 
bustion chamber where fuel was burned with the 
remaining oxygen. The high temperature steam was 
then fed through the propulsion turbine. 


A third type of closed cycle operation proposed 
by the Germans involved the use of hydrogen and 
oxygen in the diesel cylinders when submerged. 
The hydrogen and oxygen were obtained from the 
electrolysis of sea water when running on the sur- 
face. These gases were metered into the cylinders 
and exploded. The combustion product, steam, was 
reintroduced into the cylinders where another ex- 
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plosion, using smaller amounts of hydrogen and 
oxygen, brought the steam again to high operating 
temperatures. The cycle was then continued. 


The war ended before the Germans had made a 
success of any of these closed-cycle systems in an 
operational submarine. In the United States the 
German work on these cycles was continued. In 
addition, work was started on a closed steam tur- 
bine cycle with liquid oxygen used as an oxidizer 
and on a nuclear power plant. The rapid develop- 
ment of the nuclear plant and an awareness of its 
outstanding advantages caused the abandonment of 
the other closed-cycle development projects. 


The selection of the proper power plant to drive 
a screw propeller is dependent upon many factors. 
The multi-cylinder steam reciprocating engine, 
which was the most universally used plant until 
1910, still has many advantages. It is exceptionally 
controllable and can be reversed with ease; its most 
efficient speed-power range is in line with that of 
the screw propeller, particularly those large pro- 
pellers which can be used on single screw ships; it 
is simple to operate and maintain. Its disadvantages 
are limitation of maximum power; lack of efficien- 
cy; and excessive weight per horsepower. 


The steam turbine delivers high power efficient- 
ly. However, its most efficient speed is far in excess 
of normal propeller speeds thus requiring reduc- 
tion gears. It is non-reversible except with the addi- 
tion of a reversing turbine which engenders a loss 
of efficiency. Yet it can utilize high pressure, high 
temperature steam to the utmost advantage and can 
also be designed to use low pressure steam. 


The diesel engine is easily controllable and is di- 
rectly reversible. It occupies only a small space and 
is very efficient except that it requires a higher 
quality fuel and more lubricating oils than a steam 
plant. The diesel is a heavy engine and is consider- 
ably more expensive than a steam plant of com- 
parable power. Its practical usage, as has been 
mentioned, is generally limited to vessels of less 
than 3000 horsepower. Since it is primarily a con- 
stant-torque machine the propeller design must be 
carefully controlled to most efficiently match its 
characteristics to those of the engine. 


Turbo-electric and diesel-electric drives are also 
highly advantageous for some special installations. 
Although higher in first cost and slightly less effi- 
cient, they have the advantage of ease of control 
and an efficient matching of speed-power character- 
istics with those of the screw propeller. 


Because no one power plant is optimum for all 
marine installations there has been a continuing 
development of all types. Engines have increased 
in power and efficiency with a corresponding reduc- 
tion in weight and maintenance requirements. 
Automatic controls have been devised to reduce 
operating personnel requirements. The increased 
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nd power per shaft over the years is graphically shown “effect” rudders slightly outboard of the centerlines 
ng in Figure 10. and aft of the outboard screws. At high speed these 
“effect” rudders were swung outboard to an angle 
a 70000 of 30 degrees and then quickly swung back to an 
re | | angle of 17% degrees. This operation caused a 
laws Forrestal sudden flow-breaking in the wake which had an 
“a me immediate effect on the propulsion of the boat. 
ir- When the “effect” rudders were operated, usual- 
er ly at speeds above 25 knots, the speed would im- 
»p- mediately increase by about one knot with no 
its 50000 change in propeller speed or power. The stern wave 
of would flatten and the 2% degree trim of the boat by 
Queen Mary = the stern would charge to zero. This effect was 
| Fa OS, 2 known as the Lursen Effect after the name of the 
4 ers principal designers Friedrich Lursen and Company. 
7 F: & Tests were run on one of these vessels by the U. S. 
at Bi 5 Navy on the Kent Island Trial Course in 1947. The 
ily eid were resulting speed and power curves are given in 
of = 
ro- a /reutschiand 20000 9 
Compania 
Piemonte 3 a RPM 
10000 = 
V4 8 oho 
ess 
uc- Great Eastern / 
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oss 
igh Figure 10. Increase in power per shaft for screw-driven A aa 
can ships over the last 100 years. 
© 74 Broke Horsepower 
di- 2 
and 
THRUST AUGMENTATION DEVICES 
am The means by which thrust at high slips can be -4--7 
ler- increased through the use of the Kort Nozzle has ——with Effect Rudders 
been discussed previously. This thrust augmenta- 
een tion device is used primarily when operating at 2 20 2 © @ 
less very low speeds and is extremely effective for tugs, Speed in Knots 
on- trawlers, and other types of vessels which operate d 
be with heavily loaded propellers at low speeds of 
its advance. 
Toward the end of World War II the German 
_ Navy was operating a high speed torpedo boat ; : ‘ 
ma known as the Schnell Boot. These boats were of Another improvement in efficiency of screw pro- 
offi- non-planing form and were 118 feet in length with pellers was obtained by altering the wake and race 
rea a beam of 15.7 feet and a mean draft of 4.9 feet. of single , ae cin This a a se 
Their tri thre means e contra-propeller or contra-rudder. 
ter- by Early experimenters placed a multi-bladed, fixed 
Benz, 20-cylinder, 4-cycle diesels of 2500 horse- : ; 

7 : propeller aft of the rotating propeller to divert the 
all power each. Speeds of 43 knots were obtained with race of the rotating propeller at the optimum angle. 
ing these boats, which had excellent sea-keeping qual- The number of blades in the fixed propeller was 
ised ities. gradually decreased to two. Finally the experi- 
luc- Of particular interest were the rudders which menters satisfied themselves with a slight offset in 
nts. were used for thrust augmentation as well as for both the sternpost and rudder at the shaft axis. 
luce steering. Of the three rudders installed there was Further developments indicated the desirability of 
ised a main rudder aft of the center screw and two also offsetting the deadwood in way of the propel- 
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ler bossing in a similar manner. This technique is 
now almost universal for single screw vessels; a 
typical sternpost and rudder design is shown in 
Figure 12. 


Enlarged View Looking Down at Line A-A 


Figure 12. Contra-rudder for a Single Screw Ship. 


By these three methods it has been possible to 
increase screw propeller efficiency at low speeds, at 
high speeds, and even over the complete speed 
range. These thrust augmentation devices must, 
however, be carefully tailored to the particular re- 
quirements and characteristics of the ship on which 
they are to be installed. 


SCREW PROPELLER DESIGN FEATURES 


It was inevitable that, with the improvement of 
marine engines, and the design changes in ship hull 
forms coupled with the lessons learned in the test- 
ing of scale models, there would be a progressive 
changes in the design of screw propellors. In addi- 
tion the improvement in metals and casting and 
machining techniques permitted the propeller de- 
signer more freedom in achieving the most efficient 
types of blade sections for propulsion. 


The propellers of 1860 still resembled revolving 
clubs which beat their way through the water. 
They propelled the ship mainly because they 
achieved lift by entering the flow with a large angle 
of attack. Although this form of revolving hydrofoil 
did produce lift, it also produced a correspondingly 
large drag; thus the efficiency was very low. 
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Through the extension of propeller design theory 
and the testing of scale models it gradually became 
clear that the shape of the blade section was of 
great importance if any real efficiency was to be 
attained. This led to the development of the “ogi- 
val” blade section. The word “ogive” comes from 
the diagonal rib crossing a Gothic arch. It is the 
section resulting from the intersection of an arc and 
a chord. 


The ogival section was so formed that it provided 
lift even at zero angle of attack due to the increased 
velocity of flow over the face of the blade as com- 
pared with the velocity of flow across the back. The 
ogival blade sections were a distinct improvement 
over those used previously but, because of material 
limitations they were still relatively thick sections 
which had a considerable amount of drag for the 
lift they produced. As the old cast iron propellers 
gradually gave way to steel castings it was possible 
to thin down the ogival sections and to sharpen the 
leading and trailing edges. 


During the 1920’s and 1930’s the extensive devel- 
opment work done on airfoils by the aircraft de- 
signers provided more and more information which 
was useful in the improvement of screw propeller 
blade sections. Through exhaustive testing in wind 
tunnels the characteristics of a wide variety of air- 
foil sections became available. With this knowledge 
it was possible to select blade shapes with maxi- 
mum lift and minimum drag for a wide range of 
propeller design conditions. 


During this same period metallurgical develop- 
ments came to the aid of the propeller designer. 
High tensile strength bronzes replaced the steel 
used in propellers which eliminated the problem of 
propeller corrosion and the corresponding erosion 
which destroyed the edge shape and pitted the lift- 
ing faces. 


Although this era saw the improvement of the 
screw propeller to a near-optimum efficiency, there 
were still more changes to be made in blade section 
shape. Further increases in power dictated by the 
requirement for greater and greater ship speeds en- 
forced higher thrust loadings on the propeller. 
With these high loadings, propeller cavitation be- 
came an increasingly serious problem. 

The sections which worked well for aircraft 
wings no longer were entirely satisfactory for ma- 
rine applications. The distribution of flow over the 
face and back of the blade became critical thus re- 
quiring careful attention to leading edge design. 
Studies conducted in cavitation tunnels and further 
theoretical investigations are continually leading to 
improvements in blade section design. This gradual 
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1800 1840 1860 1890 1930 1950 
Figure 13. Evolution of Screw Propeller Blade Section Shapes. 
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Figure 14. Variations of Screw Propeller Design Characteristics. 
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Figure 15. Propeller Design of the Normandie. 
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MODERNIZING THE SCREW PROPELLER 


TAGGART 


change in section shape through the years is shown 
in Figure 13. 

Not only has blade section shape changed over 
the years but also the entire design of propellers 
has undergone a series of evolutionary alterations. 
The pitch distribution from hub to tip has been al- 
tered to obtain optimum performance by best 
adaption to the ship’s wake; propeller blades have 
been raked aft to provide more clearance in way of 
hull and appendages; skewback has been added to 
provide a more uniform pressure field thus reduc- 
ing vibration; tip pitch relief has been used to delay 
the inception of cavitation; the number of blades 
has been varied, with up to six blades being used 
to accommodate high thrust loadings and to mini- 
mize vibration. Figure 14 shows several of these 
modifications; and in Figure 15 an interesting com- 
bination of many of these factors in the propellers 
of the Normandie is shown. 


CONCLUSION 


With the combination of improved theory, model 
tests, more adaptable power plants, and better hull 
lines, the screw propeller has undergone a series of 
evolutionary changes to the type which is in use 
today. The modern screw is characterized by the 
largest built to date, which is installed on the Na- 
tional Defender and is shown in Figure 16. 

This 24-foot-diameter propeller is almost identical 
in size to the screw propeller fitted on the Great 
Eastern in 1860. Yet whereas the Great Eastern 
screw absorbed 1600 horsepower, that on the Na- 
tional Defender is capable of absorbing a continu- 
ous maximum power of 25,000 horses. 

Further increases in the efficiency of the screw 
propeller may yet be made. But certainly over the 
last few years the percentage increase has been less 
and less, indicating a probable approaching opti- 
mum. The improvements which the future will see 
are most likely to be in the ability to absorb higher 
thrust loadings and greater and greater ship and 
propeller speeds. However, in its present stage of 
development, the screw propeller is the most uni- 
versal, efficient, and versatile method of propelling 
ships which has yet been devised. 
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Courtesy Newport News Shipbuilding & Di ydock Co. 


Figure 16. Propeller of the 82,678 ton National Defender 
(The propeller is smooth in spite of the appearance of the 
polishing marks in this photograph.) 
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| literature on the question of propeller- 
blade stresses is not very extensive. It appears to 
the writer that this is due mainly to the fact that 
the subject had been dealt with by Rear Admiral 
D. W. Taylor in his book entitled “Speed and Power 
of Ships,” published in 1910, and this treatment had 
been generally accepted as a reasonable approach 
to the problem, although later developments in pro- 
peller theory had indicated that some of his as- 
sumptions, viz., that the thrust varies linearly with 
the distance from the shaft center-line and that the 
(Q;) 


torque force Cr may be taken as a constant over 
the radius, were rather crude. The corrections re- 
quired to take account of recent work were not 
great, and it would seem that most designers had 
made their own adjustments without considering 
that the subject was at a sufficiently high level for 
publication or discussion before one of the leading 
professional societies. 

During the past few years, however, there has 
been a revival of interest in this subject on the part 
of various classification societies. In 1955, Det norske 
Veritas issued new rules based on more recent 


work and, in particular, rules were given whereby 
the minimum thickness at 0.2R and 0.6R might be 
determined. The subject was re-examined in 1958 
by the American Bureau of Shipping, who formed 
a special propeller advisory panel to review their 
requirements and recommend such changes as 
might be found necessary in order to meet present 
day conditions. Lloyd’s Register of Shipping have 
also been interested in this subject, and have issued 
new regulations governing the thickness of propel- 
lers working in ice. 

It is against this background, therefore, that the 
author decided it would be of general interest at 
this time to write a short note on this subject em- 
bodying a brief description of a simple standard 
form of calculation which has been applied consist- 
ently to several thousands of propellers designed 
over a period of some 23 years, without any failure 


- occurring which could be attributed to inadequate 


blade strength, and also discussing some results of 
rather more detailed calculations which have been 
made to investigate the radial and circumferential 
distribution of blade stresses for a propeller work- 
ing in a variable wake. 
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SIMPLE CALCULATION METHOD 


To make a complete analysis of the stresses act- 
ing on a marine propeller in service would be an 
extremely difficult task. This is partly due to the 
peculiarly complex nature of the geometry of defi- 
nition of a relatively wide-bladed ship propeller 
having pitches varying from radius to radius and 
sections which may have quite different shapes at 
tip and root, and partly due to the fact that the 
working slip conditions for the whole propeller may 
vary over a wide range, while the wake speeds will 
also vary considerably over the disc. 


In view of this, it is usual to make certain very 
bold assumptions as to the distribution of loading 
and manner of bending and then to adopt allowable 
stresses obtained in a conventional way, which in- 
clude a large (or apparently large) factor of safety 
based on experience, to allow for such variations 
from the basic stressing conditions as will undoubt- 
edly occur in practice. 

In the following notes it is assumed that, prior to 
making the calculation, the main characteristics of 
the propeller (i.e., diameter, pitch and surface) 
have been chosen to suit given conditions of design, 
viz., speed of advance V,, delivered horse-power 
DHP, and speed of rotation, N rpm, and that the 
propeller blade outline has been drawn out and is 
correctly positioned relative to the boss. 


It is further assumed that the general shape of 
the root section has been decided, and that this sec- 
tion has been given an approximately correct blade 
thickness based on previous experience. 

The stress section for the purpose of the calcula- 
tion is that which would be cut by a cylinder of ra- 
dius r corresponding to the top of the blade fillets 
(see Figure 1). 

This section is therefore parallel to the shaft axis 
and not at right-angles to the blade rake line, as is 
found in some engineers’ drawings. The length of 
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blade outside of the stress section is 1, measured at 
right-angles to the shaft axis, and the total load on 
the propeller is assumed to act on this length of 
blade. 


The resultant thrust force acting on each blade 
(see Figure 2) is equal to the total thrust of the 
propeller divided by the number of blades. This 
force is assumed to act at a point which is 0.6 1 from 
the stress section. That is to say, if the stress sec- 
tion is at 0.2 R, then the resultant thrust is assumed 
to act at 0.68 R. 


Figure 2 


The resultant torque force acting on each blade is 
equal to the total torque of the propeller divided by 
the number of blades and also by the effective 
torque radius. This force is assumed to act at a point 
which is 0.55 | from the stress section. The effective 
torque radius is therefore y=0.55 I+r, and if the 
stress section is at 0.2 R, the resultant torque force 
is assumed to act at 0.64 R. 


The resultant centrifugal force acting on each 
blade is that due to the mass of the blade, assumed 
to be concentrated at the center of gravity of the 
blade and rotating with the appropriate speed of 
rotation, N revolutions per minute. 


Ww 
i.e., centrifugal force geet = 


Wt. (lb.) x C.G. radius (ft.) x N? 
2,936 


The center of gravity of the blade from the root or 
stress section is assumed to be 0.32 | for normal 
blades, although this value may rise to 0.38 | with 
wide-tipped blades. In special cases, the volume and 
centroid may be determined by integrating the 
curve of sectional areas plotted to a base of radius, 


tin 


| 

| 
| 

Figure 1 
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but, in general, the blade weight may be estimated 
by means of a simple formula such as: — 


0.75 x (troot +t ip) 
2 


Where A is the developed area of one blade in 

sq. in. 

0.30 is the density of manganese bronze in 
Ib. per cu. in. and 

0.75 is a constant applicable to a linear 
back thickness line, which may be 
varied to suit any other non-linear 
back thickness line which may be 
adopted. 


Weight (lb.)= x0.30xA..Ib 


MODULUS OF STRESS SECTION 


The stress determined by this calculation is that 
which occurs at the middle of the blade face at the 
stress section. The section modulus used in obtain- 
ing this stress is obtained, therefore, by calculating 
the moment of inertia of the stress section about a 
plane through the centroid of that section, and 
parallel to the pitch face at that radius, and divid- 
ing this by the height of the centroid above the face 
as shown in Figure 3. The section modulus used as 


: 
“" in each case. In some instances the root sec- 


ROUNO BACK SECTION Z = 
LENTICULAR SECTION. EX 


Z = -083Cr? 


ROFL. 
STREAMLINE SECTION 


tions are defined by designers with a flat trailing 
part and a marked nose tilt; see, for example, Tay- 
lor, E. (Figure 4). In such cases, the section modu- 
lus would be determined about a line through the 
centroid and parallel to the nose tail-line, in order 
to be consistent with the method described here- 
with. In view of the bold assumption made in using 
the usual developed section for the purpose of de- 
termining I,,, it is not considered necessary to de- 
termine the principal axis of inertia with accuracy 
for each section, the axis xx being approximately 
parallel to the weakest axis of the section. 


TOTAL STRESS 


The total stress at the middle of the blade face is 
divided into four component parts, as follows: — 


(1) Ty = stress due to thrust force; 

(2) Qs = stress due to torque force; 

(3) C.B.M., = stress due to centrifugal bending mo- 
ment; 

(4)C.P., =direct stress due to centrifugal pull. 


Allowable Stress— 

The total stress thus obtained is judged in rela- 
tion to an allowable stress, based on previous ex- 
perience with successful propellers fitted to vessels 
of similar type. The stress allowable for different 
classes of vessels varies considerably, owing to dif- 
ferences in the service conditions. For tugs and 
trawlers, a low stress of 4,500 psi is adopted, and 
at the other end of the scale for motor torpedo- 
boats, the high stress of 16,000 psi is allowed. 

For the majority of merchant vessels, however, 
the allowable stress lies between 5,500 and 6,000 psi 
for a single screw with normal fin or rudder clear- 
ances and to about 6,000 to 6,500 psi for a twin 
screw vessel; while for quadruple screw installa- 
tions, with geared turbine drive, a basic stress of 
7,000 psi has been allowed. 

In general, the allowable stress for turbine instal- 
lation with good clearances have been taken as 500 
psi higher than for corresponding reciprocating en- 
gine installations, to allow for the greater uniformi- 
ty of torque. 

It is appreciated that this method of calculation 
gives a criterion of stress rather than an actual 
stress, and that the maximum stresses occurring in 
the blades in service may at times be considerably 
greater than that obtained from the present calcu- 
lations. 

In fact, since no account is taken of the variation 
of wake speeds round the disc, or of possible varia-: 
tions in torque due to the explosion or turning 
effort cycle in reciprocating engines, or of the 
effects of very heavy weather, impact damage, etc., 
it is quite certain that the actual stresses in service 
will greatly exceed that given by the calculation. 
This accounts for the extremely low stresses al- 
lowed in relation to the breaking stress of about 32 
tons per sq. in. for manganese bronze, and also for 
the rather wide variation in allowable stresses for 
different vessels. As far as possible, the stress con- 
dition is intended to represent the average weather 
condition at sea, although, in some cases, the stress 
in the trial condition may exceed the average sea- 
condition stress, and this may be made the subject 
of a further calculation. In the case of naval vessels, 
the stress is usually based on the maximum trial 


- horse-power, and higher stresses (e.g., 11,500 psi 


for destroyers) are allowed in consideration of the 
fact that these conditions are not usually of long 
duration and in action the risk of failure is low in 
relation to other risks taken. 
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DETAILS OF CALCULATION 


The thrust stress is estimated by means of the 
formula 


_ 195.5 x THP xl” x cos 
V,xXBxZ 


where THP=thrust horse-power and 
tan 6 = pitch/2 mr, 
l” = length of blade in inches, 
6 = face-pitch angle at root, 
V,= speed of advance allowing for wake 
(knots), 


B = number of blades. 
Z = section modulus at root. 


The torque stress Q, is estimated by means of the 
formula: — 


63,000 DHP Xx x” x sin 


NxBxY”’xZ 
where DHP = delivered horse-power 
Y” = (x+r) 
r = radius of stress section 
N=rpm 


The stress due to the centrifugal bending moment 
is calculated by means of the expression 


CBM. = centrifugal force x lever 


where the lever represents the distance between the 
intercept of a line drawn radially outwards through 
the blade CG and a cylindrical surface enclosing 
the root section, and a plane through the CG of the 
root section parallel to the pitch face. This distance 
is most important in the case of propellers having a 
high speed of rotation, and the geometry required 
is illustrated in Figure 5. It is also important to de- 
termine this lever with accuracy for propellers hav- 
ing considerable throw-round or skew. 

The direct centrifugal pull stress is bstimated 
simply by dividing the centrifugal force by the area 
of the root section, 


ic 
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centrifugal force 
area 


CP. = 


If the stress determined by means of this calcu- 
lation differs from the standard allowable stress, 
then the appropriate thickness may be determined 
by 


stress 
allowable stress 


If the change in thickness is appreciable, then the 
calculation should be repeated, using the new thick- 
ness t’, and so, by a process of iteration, obtain the 
final thickness which gives the required stress. In 
the foregoing calculation form, the effects of shear- 
ing forces and of torsion due to unsymmetrical 
loading have been neglected. Simple consideration 
of these effects readily shows that they are usually 
relatively unimportant in comparison with the main 
loading, due to the other principal forces and mo- 
ments acting on the blades, but no doubt this is a 
matter which calls for further consideration in spe- 
cial cases. 


EFFECT OF VARIATIONS IN WAKE SPEED OVER THE DISC 


In the foregoing calculation method, the total 
thrust acting on each blade is determined by ap- 
plying the mean velocity V., corresponding to the 
mean wake factor for which the propeller was de- 
signed, and the stress section is chosen to be that 
which occurs at the top of fillets. In order to inves- 
tigate the variation of stress likely to occur at dif- 
ferent radii along the blades and at different angu- 
lar positions round the disc, it is necessary to have 
a detailed knowledge of the wake pattern in way of 
the propeller disc and to make complete vortex 
theory calculations giving the radial distribution of 
thrust, dT/dr, and torque grading, dQ/dr, for the 
local inflow velocities corresponding to various an- 
gular positions of the blade. Figure 6 shows typical 
curves of wake-variation for a single-screw tanker 
at 30 degree intervals, based on Yamagata’s data. It 
also shows a curve of mean wake for each radius, 
marked “mean radial variation,’ and the corre- 
sponding mean-wake value for the whole propeller, 
marked “mean wake W;=0.31.” 

Figure 7 shows the calculated curves of thrust 
grading at the same angular intervals while Fig- 


ure 8 gives the corresponding curves at d (2) The 
propeller particulars for which the calculations 
were made are given in Table 1. Figure 9 shows the 
radial distribution of blade width and thickness, to- 
gether with the face-pitch and modulus (Z) for 
each radius. The method of calculation adopted for 
calculating the stress at each radius for the angular 
positions considered was similar to that already de- 
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Figure 6—Radial Distribution of Wake 


3 
Turusr Kr 


Figure 7—Radial Distribution of Thrust Coefficient 


scribed, but in this case it was necessary to inte- 
grate the thrust and torque-force curves from the 
tip down to the section under consideration, to de- 
termine the total forces and bending moments act- 
ing about that section, and similar treatment was 
necessary to find centrifugal forces and moments. 


Figure 10 summarizes the results of the calcula- 
tions, the tensile stresses on the face being plotted 
to the right, while the compressive stresses are 
plotted to the left. In designing this propeller, the 
blade thicknesses had been chosen to give an ap- 
proximately uniform tensile stress at all radii—a 
procedure which has been followed successfully for 
more than 20 years, with considerable advantage 
from the point of view of weight and cost reduction 
—and it will be seen from these detail calculations 
that this condition has been very closely achieved 
up to 0.75R. Outside of this radius, the stress is 
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Figure 8—Radial Distribution of Torque Force 


A.S.N.E. Journal, February 1960 97 


/ TABLE 1 
tn LA a 
on Wr 0.31 
a WZ 
| 
1e 
at 
f- 
WY 
1e Wa | | 
r 
| 


STRESSING OF MARINE PROPELLERS 


“SB&ME-B” 


SCALE OF PITCH IN NCHES 
180 190 200 ek 


IN NCHES 


7, BLADE THICKNESS 
6 


of MOMENT OF 
| 


RESISTANCE 
2fo 


q 
BLADE WIDTH (NCHES) 


Figure 9 


COMPRESS! 


4 


| 
| 


7\\ 

\ 


\ 
\ 


00 0 1900 


LBS/n? (~)ve. 


4100 2000 100 4000 
(+) ve. 


Figure 10—Radial Distribution of Stress 


diminished rapidly towards the tips of the blades, 
owing to the extra thickness provided in the outer 
parts to secure adequate casting thicknesses and to 
resist local impact damage. 

The variation of stresses on the face and back of 
the section at 0.25 R obtained from these calcula- 
tions for a single screw variable-wake field are giv- 
en in Table 2, and the range of stress measured by 
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equal to tension and 

min. stress 1.00 1.00 

in compression. The comparative stresses obtained 
by the simple calculation method are 5,775 psi (ten- 
sion) and 6,450 psi (compression); it will be seen 
that these exceed slightly the integrated mean 
stresses obtained from the detailed calculations in 
the variable-wake field. It should be pointed out 
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TABLE 2 


Difference, 
per cent 


Integrated 
Mean Stress 


Difference, 


Maximum 
per cent Stress 


—18 
—19 


| 
| 


+5,534 
—1,651 


+7,563 


+41 +8,674 


+37 | 


that while the detailed calculations take into ac- 
count the variations in local wake velocities, these 
are, in effect, still static stress calculations, and the 
dynamic stresses occurring in practice will un- 
doubtedly exceed those stated and will probably 
reach twice the static values given by these calcu- 
lations. In these circumstances, it will be realized 
that the factor of safety, which is implied by the 
low values of allowable stress quoted in relation to 
the ultimate breaking stress of the material, is by 
no means unreasonably high, as it might appear to 
be at first sight. For single-screw applications, 
where the basic stress allowed is 5,500-6,000 psi the 
analysis of such cases of blade fracture as have oc- 
curred in service with propellers of “other designs” 
has shown that the stresses calculated in accordance 
with the method herein described have been of the 
order of 7,000 to 7,500 psi; so that the true margin 
of safety cannot be regarded as excessive. 


EFFECT OF CALCULATING THE ELLIPSE OF INERTIA 


So as to assess the order of the error involved in 
calculating the modulus of resistance about an as- 
sumed axis parallel to the pitch-face, calculations 
have been made to determine the full momental el- 
lipse and Figure 11 shows the results obtained in a 
particular instance. 

It will be seen that the momental ellipse is ex- 
tremely elongated and the ratio between the maxi- 
mum and minimum values of I is 26 : 1, while the 
similar ratio for Z is 4: 1. Furthermore, the cal- 


MOMENTAL 


culated neutral axis was found to deviate from the 
line parallel to the pitch by only 1.76 deg; and when 
full account is taken of the unsymmetrical applica- 
tion of the resultant bending moment, the further 
deviation of the true plane of bending, calculated in 
the conventional manner, was found to be only 1.00 
deg. The points of maximum tensile and compres- 
sive stresses are moved somewhat forward towards 
the nose of the section, but the resulting difference 
in the calculated stresses is not very great, as will 
be seen from Table 3, which lists the calculated 
figures. 


TABLE 3 


Tension, 
Method of Calculation of (Z). psi 


Using standard calculation, 

about XX 
Using calculated I min about NA 
Using momental ellipse, about BB 


5,500 
5,800 


GENERAL REMARKS 


Observation of the resulting fractures, when 
blades have broken in service, indicate that the 
blade will finally break along a straight line and 
not along the conventional helical line used in de- 
fining the blade sections; but such fractures as have 
occurred indicate that the initial fracture has oc- 
curred in tension on the blade face and not on the 
back, in spite of the higher compressive stresses in 
this region. The typical fracture exhibits the well- 
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Nikalium. Manganese Bronze. 


15 per cent. proof stress 
Tensile strength 


Brinell hardness 
Izod impact 
Young’s modulus 
Specific gravity 


Sea-water corrosion fatigue endurance value 25X10° cycles at 3,000/min. ....|+11.5 tons/sq.in. 


17 tons/sq.in.(min.) |16 tons/sq.in.(min.) 
42 tons/sq.in.(min.) |32 tons/sq.in.(min.) 
20 per cent (min.) 
131-170 

15-20 ft-lb. 
14.5X10° psi 

8.32 

+6.3 tons/sq.in. 


known “opening and shutting” appearance, the ini- 
tial cracking on the face apparently penetrating 
deeper and deeper until the residual material is 
sufficiently reduced and final complete rupture has 
occurred, exhibiting a rough granular appearance. 

In view of this, and despite the fact that it has 
been shown that, with sections taken straight across 
the blade, the most remote fibers and, consequently, 
the maximum fiber stresses occur towards the ex- 
tremities of the blade sections, the criterion of stress 
has been based on the tensile stress occurring at 
the middle of the blade face. One indirect result of 
this is that, in general, a slightly greater thickness 
is required in the case of an aerofoil section of given 
width than for a flat-faced segmental type section, 
whereas with sections taken straight across the 
blades, the opposite would be true. This involves a 
slight penalty in adopting root sections of airfoil 
type, but, in the author’s opinion, it is judicious to 
accept this rather than to claim that the airfoil sec- 
tions may be made thinner than those of segmental 
type. 

The allowable stresses quoted in these notes are 
for manganese bronze and they have been found, 


from experience, to be entirely satisfactory. 

In recent years, new alloys of the nickel-alumi- 
nium bronze type have been widely introduced be- 
cause of their superior strength and also because of 
their more favorable resistance to erosion, corrosion 
and surface roughening. The physical properties of 
Nikalium and normal manganese bronze are com- 
pared in Table 4, and, up to the present time, al- 
lowable stresses exceeding those used for man- 
ganese bronze by 15 per cent. have been employed 
in designing propellers cast in this new material. 
This increase in allowable stress is no doubt on the 
conservative side, but it is considered advisable, in 
introducing a new alloy such as this, to maintain a 
high margin of safety. This policy is, of course, ap- 
plicable to all propeller work, particularly when one 
considers the importance of avoiding any kind of 
interference with the normal running of a ship in 
service, such as might arise from a possible frac- 
ture, and the author would greatly deprecate any 
attempt to introduce a lowering of the present high 
standards of reliability and endurance in the marine 
propeller field in which the breaking of a propeller 
in service is indeed a very rare occurrence. 


Blower fans, spray hard surfaced with a nickel-base alloy powder for 
protection against erosion, are lasting 20 times longer than fans protected 
with other materials. The fans, two feet in diameter, are an integral part 
of a conveying system which moves 30 to 40 tons of grain every 24 a in 
a feed-mill operation. Fans protected with a thin layer of the spray pow- 
der have stayed in continuous service for 14 months. Normal service life 
had been 21 days. This alloy powder contains about 75 per cent nickel, 17 
on cent chromium and slight percentages of iron and boron. Carbon is 

eld to 0.95 per cent. The abrasion-resistant deposit is applied to a depth 
of 0.050-in. with spray hard-surfacing equipment in two passes. A stand- 
ard oxyacetylene torch is used to fuse the deposit. The end result is a 
hard, sound, well-bonded deposit, about 0.045 in. thick. Average hard- 
ness is Rockwell C 61. The fused deposit requires neither machining nor 


grinding. 
—from WELDING JOURNAL 
October, 1959 
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nology in June 1957. He is in the June 1960 graduating class. 


INTRODUCTION 


The demand for higher efficiencies and power has 
focused increasing attention on elevated tempera- 
tures and pressures in propulsion units. Steam pres- 
sures of 1200 psia and temperatures of 950-1000° F 
are rapidly becoming commonplace in steam turbine 
installations, while gas turbines operating at tem- 
peratures in excess of 1600° F are not unusual. To 
the Navy this means a sharp reduction in specific 
weight (Ibs/shp), on the order of 20-25 per cent 
when one compares the new Forrest Sherman class 
destroyers (DD931) and our World War II Fletcher 
class (DD445). To the warship designer this figure 
is particularly significant in that machinery weight 
represents such a large percentage of total displace- 
ment. The merchant ship owner, on the other hand, 
is far less interested in this ratio since it is usually 
relatively small. To him the use of higher pressures 
and temperatures means a substantial decrease in 
the fuel rate. The following tables give representa- 
tive values of these facts: 


TaBLeE I (Reference 1) 


Machinery Weight Comparison— 
Merchant Ships vs Naval Ships 
SHP LBS Mach. Wet. Fuel Wet. 
Ship Displ. Ship Displ. 
percent percent 
28000 Ton Tanker 13750 2.6 5.7 
C4 Cargo 22000 68 19.6 
Cruiser 120000 10.7 145 
Destroyer 80000 20.1 15.4 
Destroyer 60000 24.0 21.1 


TaBLe II (Reference 1) 


Engineering Features of a Tanker— 
17,500 Normal SHP 


Cycle 2 
Throttle steam press. (psig) 600 
Throttle steam temp. (° F ) 865 
Fuel Rate (Ibs/shp-hr) 525 

Percent improvement 
in fuel rate 9.0 


Whenever one ventures beyond established con- 
ditions it is anticipated that new problems or diffi- 
culties will be encountered. The designer’s desire to 
utilize the higher pressures and temperatures has 
been hindered to no small extent by the fact that 
metallurgical advances have failed to keep pace 
with some of the newer propulsion units. There is 
no doubt that this fact has received its share of 
publicity as of late. Contrary to some concepts, how- 
ever, temperature—not pressure—is the limiting 
factor in the ranges presently being considered. 

It is the intent of this article to discuss one phase 
of the metallurgical problem that we, as naval engi- 
neers, are indirectly concerned with: turbine life. 
Propulsion units are usually designed for the life of 
the ship whenever possible, twenty years in the case 
of our steam turbine plants. But what means have 
been utilized to determine if our component will op- 
erate at these elevated temperatures for a lengthy 
period of time? Surely the units have not been test- 
run for that period of time prior to installation. By 
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discussing one of the more recent techniques being 
utilized to determine the life of our component’s 
material, we serve to familiarize ourselves with 
some of the problems of high temperature machin- 
ery operation. 


METALLURGICAL FACTORS 


Advertising literature is prone to emphasize good 
behavior of the various metals and alloys under a 
wide variety of service conditions, in other words, 
to put the best foot forward and to ignore the seamy 
side. What designers and engineers need to know 
are the “facts of life” in regard to the metals they 
are considering using. 


GRAIN 
BOUNDARY 


o 
z 
WwW 
4 


TEMPERATURE—> 
Figure 1 


Early tests served to point up the important dif- 
ference in deformation of metals at high and low 
temperatures. If one examines Figure 1, one will 
note that the grain is the limiting strength compo- 
nent at low temperatures, whereas the grain boun- 
dary is the weak component at high temperatures. 
For a given grain size, prior history, and strain rate, 
the temperature at which the grain and grain boun- 
daries are of equal strength is arbitrarily defined as 
the equi-cohesive temperature (ECT). It need not 
be said that it is a fairly indefinite term which can- 
not be defined closely, but it serves a useful pur- 
pose in a similar way to the equally vague term re- 
crystallization temperature. For the purposes of fur- 
ther discussion, the term ECT will be used to dif- 
ferentiate low temperature type behavior from high 
temperature type behavior in the stress rupture and 
creep tests. Of interest at this point is the fact that 
fractures above the ECT are intercrystalline in na- 
ture (the grain boundary is the weak link—as seen 
in Figure 1). Below the ECT the metal fails in typi- 
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cal low temperature fashion, the crack being trans- 
crystalline or across the grain. 

This equi-cohesion temperature is mentioned since 
we are concerned with the behavior of metals above 
this temperature. We would like to think that per- 
fect metals or alloys exist which are free of any 
metallurgical or chemical changes over extensive 
time-temperature intervals, but this is more than 
can be hoped for. The metals or alloys we are con- 
cerned with—above the ECT and under stress—are 
always in a stage of change. The problem is to de- 
termine the extent or severity of change, and the 
rate. Moreover, the number of possible instabilities 
in a particular metal or alloy varies greatly. For a 
pure single phase alloy such as Monel, for example, 
the only instabilities would be oxidation (when 
tested in an air atmosphere), recrystallization and 
grain growth. Steel, on the other hand, experiences 
numerous instabilities, not the least of which could 
include graphitization, spheroidization, oxidation, 
and decarburization. 

The effect of these instabilities is to raise havoc 
on the behavior of our metal. Graphitization is a 
typical example. This condition prevails predomi- 
nantly in fine-grained aluminum-killed steels, nucle- 
ating at a maximum rate in the temperature range 
825° F-1200° F. At each end of this spread its effect 
tends to be negligible. The action of degraphitiza- 
tion is to weaken the steel through its embrittling 
action; the most notable case being the failure of 
the steam line at the Springdale power plant in 
Rhode Island at the close of World War II. In serv- 
ice 54% years (at 935° F), the pipe failed near a 
weld through brittle fracture. 

This accident could readily find a parallel in naval 
applications. As we go to the higher pressures and 
temperatures the number of flanges is drastically re- 
duced, in most instances being limited to boiler out- 
let and turbine inlet. Should it be necessary to cut 
these lines for repairs or to facilitate equipment re- 
moval, the danger exists of local graphitization—the 
more serious type—setting in when the line is 
welded. A postweld treatment is the only answer in 
this case, and even then, its action may not be per- 
manent or complete. 


Problems like these give added weight to designs 
such as those Newport News has used where the 
turbine inlet piping is to the bottom half of the tur- 
bine casing. Casing lifting is not a frequent occur- 
rence and does not usually necessitate cutting steam 
lines, but, as in the case of some of the Forrest Sher- 
man class destroyers, the removal of the rotor has 
achieved a “frequency” not particularly desired. An- 
other case in point would be the use of split casing 
halves for ease of fabrication. These can cause an 
entry point for this instability since they are bolted 
and welded on a facing plate. A postweld treatment 
must be applied in these cases. Also, the addition of 
chromium as an alloy tends to stabilize the carbides, 
reducing the possibility for graphitization. 
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The problem of surface instability or corrosion is 
another of these “facts of life” that must be met, 
since the metal must not deteriorate excessively dur- 
ing service at elevated temperatures. One of the sim- 
plest forms of corrosion, and one frequently en- 
countered, is oxidation or scaling of the metal. This 
occurs by a process of diffusion of oxygen inward 
and of alloying elements outward. In plain carbon 
steel, the amount of scaling in air is negligible be- 
low about 1000° F. Above this temperature, the rate 
of scaling of carbon steel increases rapidly. (See 
Figure 2). 
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Figure 2—-Oxidation of Plain Carbon and 5 Cr-0.5 Mo Steel 
at 1100° F. 


The most important alloying element for increas- 
ing the scaling resistance of carbon steel above 1000° 
F is chromium. This element appears to form a 
tightly adherent layer of chromium-rich oxide on 
the surface of the metal, retarding the inward dif- 
fusion of oxygen and inhibiting further oxidation. 
Other such elements are silicon and aluminum. 

These points are brought out to illustrate a few of 
the instabilities encountered in high temperature 
operation, and therefore serve only to indicate the 
complex nature of this problem. It is factors such as 
these that the metallurgist must consider, placing 
the proper weight on each. 


THE PROBLEM OF CREEP 


Creep—the deformation of the metal with time 
at elevated temperatures—is another of the prob- 
lems that must be faced. When it was originally en- 
countered, receiving experimental attention only a 
few decades ago, it seemed only logical to decrease 
the stress to a sufficiently low value that creep 
would not occur. But the required stresses were so 
low and the section size correspondingly so large 
that the application of metals to high temperature 
service was appreciably retarded. Accordingly, a 
new and more rational technique was developed and 
is now employed. This recognizes the existence of 
creep and is concerned not with avoiding its occur- 
rence, but with limiting it to tolerable values within 


the contemplated service life of the structural mem- 
ber. 

Casing bolts, for example, are generally not sub- 
jected to constant stress when in service but rather 
to constant strain. As the material creeps, therefore, 


STRESS) > STRESS, 
RvPTORE 
z STRESS, 
MINIMUM CREEP RATE 
z 
SECOND THIRD 
STAGE 

AveTORE LIFE —>| 

TIME - HOURS 
Figure 3 


the elastic strain (and thus the bolt stress) dimin- 
ishes, eventually decreasing the bolt tension to the 
extent that the joint must be retightened if leakage 
is to be prevented. . 

Characteristically, the creep curve consists of a 
period of decelerating creep rate, a period of es- 
sentially constant (and minimum) creep rate, and 
a final period of accelerating creep rate. (See Figure 
3). The possibility that creep may continue until 
fracture occurs raises another limitation in addition 
to that of allowable deformation. In the use of metals 
at an elevated temperature then, not only must the 
design stress be chosen so that the deformation 
shall not exceed a limiting amount for the contem- 
plated service life, but it must be such that fracture- 
rupture will not occur. 

It is this facet of the problem that we intend to 
discuss. It will be assumed that the design is such 
that the creep has been considered, and the defor- 
mation has been brought within tolerable limits 
through the addition of alloying elements. (Ele- 
ments such as molybdenum, chromium, vanadium or 
tungsten form stable carbides or intermetallic com- 
pounds and do much to increase the creep strength.) 
With the efficiency of a steam turbine so dependent 
on clearances, the importance of this creep pheno- 
menon cannot be overemphasized. Now, however, 
we are concerned with the material fulfilling its an- 
ticipated life. 


THE STRESS-RUPTURE TEST 


At high temperatures the stress-rupture test fills 
the same needs that the tensile test fills at lower 
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temperatures. As a matter of interest, the popularity 
of the rupture test has grown steadily because of 
the inadequacy of the tensile test. At low tempera- 
tures—below the ECT—the rate of application of 
stress over rather wide limits is without significance. 
In other words, the values of tensile strength, duc- 
tility, and yield strength are not significantly 
changed whether the tensile test is completed in 10 
minutes or ten hours. 

This is not true, however, at high temperatures. 
All the tensile properties undergo a very definite 
change, depending on the time to complete the test. 
As seen from Figure 1, as the strain rate is in- 
creased, the ECT occurs at a higher temperature. 

In stress-rupture testing a series of metal sam- 
ples—identical to that to be used in our compo- 
nent—are tested at one temperature under various 
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Figure 4 


dead loads until rupture occurs. This test is referred 
to as the “constant load stress-rupture test”. As seen 
in Figure 3, as the stress is increased, the time for 
rupture decreases. If plotted on a log-log scale, stress 
vs rupture time, a plot similar to Figure 4 is the 
result. As the temperature is increased, it can be 
seen that the slope of the lines increases and that 
the discontinuities or breaks in the line occur 
sooner. If the so-called “perfect metal” previously 
mentioned existed, i.e., if the metal were stable in 
all respects or a very slow gradual change occurred, 
one might presuppose that the dotted line of Figure 
4 existed. But such is not the case and these discon- 
tinuities are associated with real changes in the al- 
loy being tested—the “instabilities” mentioned pre- 
viously. 

It is to be noted that, whereas distinct breaks in 
the log-log plot are shown, these are not necessarily 
to be interpreted as indicating a physical or chemi- 
cal change which is sharply discontinuous. Instead 
the break is shown partly as a convention and partly 
to emphasize a time-temperature combination at 
which a change of physical or chemical nature has 
reached its maximum rate of change. Actually a 
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smooth curve could be drawn where the break is 
shown, but this curve would not emphasize a change 
as well. 

It should be obvious then that it would be par- 
ticularly advantageous if we knew whether or not 
our component would operate satisfactorily at its 
design temperature for the anticipated life without 
actually running a long-time test. A rupture time 
of 1000 hours is equivalent to approximately 5% 
weeks. A sustained turbine operation of some 11 
weeks is not beyond the realm of possibility, par- 
ticularly with the advent of nuclear propulsion, and 
this would involve some 2000 hours of tests. Opera- 
tion far in excess of these figures is highly plausible 
in the case of stationary power plants. Time and ex- 
pense of the tests are not the only factors involved, 
for it can mean a delay in terms of years before pro- 
duction is started on the unit or component. 

Several men have attempted straight line extra- 
polation of these rupture tests but these prove er- 
roneous. In Figure 5, the dotted straight line extra- 
polation indicates satisfactory operation up to 100,- 
000 hours as long as the applied stress did not ex- 
ceed about 2000 psi. But this does not consider the 
sharp discontinuity that may result due to the evolu- 
tion of instabilities from within the metal. In reality 
this material would fail in less than 10,000 hours at 
that stress. It can also be said that at the present 
time there exists no correct mathematical solution 
for the stress rupture test. Grant and Bucklin (2), 
working under the sponsorship of the Bureau of 
Ships recently came up with an approach that is 
worthy of considerable attention. 


THE EXTRAPOLATION OF SHORT-TIME TESTS 
TO DEPICT LONG-TIME BEHAVIOR 


It should be realized from viewing the curves of 
stress vs. rupture time (Figure 5) that time and 
temperature are interchangeable. Since temperature 
is the most powerful force, the general procedure 
then will be to run a series of short-time rupture 
tests (from .01 to about 100 hours) at a series of 
temperatures above the operating temperature. 
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Figure 6 
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From this data on time-temperature instabilities, we 
will then extrapolate back, yielding us data for 
longer times at lower temperatures. In other words, 
high temperature—short time tests are parallel to 
long-time, low temperature tests. From Figures 5 
and 6 it can be seen that the instabilities are as simi- 
lar and real for T, at 100 hrs. R.T. as, for example, 
they are at T, at about 0.1 hrs. R.T. The first break 
in our temperature line is that of our equi-cohesion 
temperature (ECT). To the left of this break the 
metal ruptures in a typical low temperature man- 
ner through the process of slip and twinning, the 
break or fracture being transcrystalline. To the right 
of the ECT break the failure is inter-crystalline, the 
familiar “necking-down” associated with a tensile 
test giving way to a high temperature rupture fail- 
ure. 

For the purposes of illustration we will assume we 
are interested in learning where the first “break” 
occurs for the temperature line T,—our operating 
temperature. Moreover we have only made tests for 
about 150 hrs. (Data for Figure 6 in excess of 150 
hrs. for illustrative purposes only—we are assuming 
we don’t know what our line “does” after 150 hours 
of stress-rupture testing.) We will label curves to 
the left of the ECT break as family I, to the right 
as family II. (A similar example can be made to 
learn of the second break, once the first is known, 
continuing the procedure until our extrapolation 
dictates our metals entire behavior.) We now plot 
the curves of Figure 7 (data taken from Figure 6): 
slope against temperature. Straight line extrapola- 
tion back gives us the slope of our operating line 
(T,) in the family II region but we still don’t know 
where the slope changes to that value. This com- 
pletes Step 1. 

Step 2 involves the use of Figure 8. Here we ar- 
bitrarily select a 100 hr. rupture time and draw a 
vertical line (as shown in Figure 8A). Each straight 
line portion of family I or II is now extended so 
that it crosses this line, being indicated by a dotted 
line where straight line extrapolation has been nec- 
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essary (8B). In the case of T,, T;, and T., family II 
lines cross the 100 hr. R.T. line in the test, and since 
these lines are to the right of the ECT, the failure 
would be intercrystalline and thus the grain boun- 
dary strength predominates; i.e., we can say that it 
represents a real point. Conversely the dotted line 
indicates an imaginary point (indicated by prime) 
where the grain strength is the weaker, since the 
ECT break supposedly has not been reached. (Fig- 
ure 8B). On the other hand, T, and T, cross the 100 
hr. R.T. line before any break has been detected, 
meaning the grain strength predominates, and the 
point is a real one. 

Step 3 has us plotting Figure 9, the stress at 100 
hr. R.T. versus temperature for each of our points, 
real and imaginary. Note the “similarity” between 
this and Figure 1. We are interested in the stress 
where our T, line’s imaginary point is. Extension of 
our grain boundary line gives us this and allows us 
to plot the point indicated in Figure 10. We already 
know the slope for a line through this point from 
the family II plot of Figure 7. The intersection of 
this line and our T, (extended) line gives us the 
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first instability point, the equi-cohesion temperature 
break for our operating temperature. 

It is to be realized that tests are normally run out 
to about 500 hours (about 20 days), and by proper 
selection of temperatures, the complete behavior of 
a metal throughout its anticipated life can be ana- 
lyzed. In the Grant and Bucklin graphical method, 
usually a total of five temperatures is sufficient (3 
above the designed operating temperature and 2 be- 
low); with 5 tests being run at each temperature 
(rupture times of approximately 0.1, 1.0, 10.0, 100, 
and 500 hours). The end result is that in less than 
a month, it is possible to completely evaluate a new 
material—allowing extrapolation of short-time tests 
out to better than 100,000 hours. 
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The value of such a method can not be stressed 
highly enough. Not only does it mean production 
may start sooner on a new piece of equipment, it 
can serve as a check on present-day equipment, ma- 
chinery that may well be utilizing only 50 per cent 
of the materials capabilities, and thus be operating 
at a decidedly lower efficiency as well as at a higher 
initial cost. 

Numerous empirical equations have attempted to 
bridge this metallurgical problem but, to date, have 
failed. There are numerous “refinements” to this 
presentation, all of which serve to check the basic 
data presented. It must be realized further, however, 
that while this method at present appears adequate 
in all respects, only time can tell. The life of the 
equipment it has been used on still must run those 
10° or 10° hours before it can serve as testimony. 
Each succeeding month, then, adds credit to this ex- 
trapolation method. 
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The cruisers Boston (CAG-1|) and Canberra (CAG-2) were chosen for a 
Terrier installation that was completed early in 1956. The early guided mis- 
sile installations on these two cruisers represented the first step toward a 
complete guided missile ship which would carry no guns. Following these 
conversions, six light cruisers were scheduled for an advanced installation of 
missiles. These CL55 class hulls represented a transition installation with the 
first Talos missile installation aboard ship. Three of these hulls, CLG-3, 4 
and 5 (respectively Galveston, Little Rock and Oklahoma City) are re- 
ceiving a twin Talos installation aft and retaining their guns forward. The 
CLG-6, 7 and 8 (Providence, Springfield, and Topeka) are receiving 
twin Terrier installations aft and retaining conventional armament forward. 
Of these, Galveston is now at sea undergoing evaluation. The remaining five 
will have completed conversion by about May, 1960. Close on the heels of 
these ships are three more conversions, CG-10, | | and 12 (Albany, Chicago 
and Columbus), which will be all-missile ships. These ships will have twin Ta- 
los installations fore and aft, and will carry Tartar and Asroc launchers and 
have the capability of carrying ballistic missiles. The only new cruiser un- 
der construction is the all-missile, nuclear-powered Long Beach, CG(N)- 
9. She will be fitted with Terrier, Talos, Asroc and have the capability of 
carrying ballistic missiles. Her electronics will be a highly sophisticated 
search and fire-control complex which represents the most current think- 


ing in these fields. 
—from BUSHIPS JOURNAL 
September 1959 
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A radically new electronic generator with no moving parts, designed to 
convert the heat of a rocket exhaust directly to electric power to run 
steering controls of a rocket or guided missile, was announced today by 
the Radio Corporation of America and the Hunter-Bristol Division of 
Thiokol Chemical Corporation. 

The new device, of the type known as a thermionic generator, has al- 
ready produced up to 270 watts of power directly from a high-tempera- 
ture heat source—an output of nearly 80 watts per pound of its 3!/2- 
pound total weight. Coupled to a Thiokol solid-fuel rocket motor in a spe- 
cial test mount, the tube has generated useful levels of power directly 
from the rocket exhaust heat during preliminary evaluation tests. 

According to RCA and Thiokol engineers, the results of the tests with 
both simulated and actual rocket heat sources have shown the feasibility 
of using thermionic tubes as efficient and light-weight generators to pro- 
duce the electric power required in large missiles and satellite launching 
vehicles during the critical launching and upward flight stages. 

The device bears a family resemblance to conventional two-element 
electron tubes, or diodes, in having a cathode from which electrons are 
"boiled" by the application of heat, and another electrode to which these 
electrons flow to produce an electrical output. 

In the experimental tube for rocket application, the cathode is formed 
by the inner wall of the hollow cylinder, while the second electrode is 
formed by the outer wall. Between the two walls is a narrow space filled 
with cesium vapor. 

When the cathode wall is heated by the burning rocket fuel in the flame 
tube, electrons are "boiled" out of the cathode material and into the 
space between the two walls. The cesium vapor that occupies this space 
becomes ionized upon contact with the hot cathode, and encourages the 


easy flow of electrons to the outer wall. The electrical power that is gen- of 
erated by this process is fed to the rocket steering control mechanism or pre 
to electronic apparatus by means of cables attached to the cathode and ize 
the second electrode. act 
Dr. Hernqvist who headed the development has pointed out that the of « 
size and shape of the experimental tube were designed specifically for the hay 
Thiokol test installation in order to study the feasibility of the system. He for 
said that the design of eventual operating types of thermionic generator _ 
tubes would vary in accordance with the various designs of the rockets in ‘a | 
which they might be used. He added that the operating principles of the a 
tube are identical to those demonstrated in earlier experimental thermi- re 
onic generator tubes developed at RCA Laboratories for the direct con- iid 
version of the sun's heat to electrical energy. con 
—Extract from RCA PRESS RELEASE, 24 Nov. 1959 te 
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A SEARCH FOR new heat sources led to the discovery 
of fission heat which has been utilized in the 
pressurized water reactor. At present the pressur- 
ized water reactor is the only successful power re- 
actor in operation, but it attains thermal efficiencies 
of only twenty percent. Modern steam power plants 
have a thermodynamic efficiency of approximately 
forty percent. For a nuclear system to achieve 
comparable efficiencies, the working fluid will have 
to have a reactor outlet temperature in the neigh- 
borhood of 932°F. The liquid metal fuel reactor is 
one of the new types of nuclear reactors having this 
desirable characteristic. Thus, it is one of the few 
reactors with potentialities for producing power to 
compete with the best of the present steam systems. 

Liquid metal fuel reactors have received attention 
since the early days of reactor technology. The 
concept of a high-temperature fluid fuel which could 
be circulated for both heat exchange and chemical 
processing has been an intriguing one. This type 
reactor was first suggested in 1941, but received 
little research and development attention until 
approximately 1947. At this time the Nuclear Engi- 
neering Department at Brookhaven National Lab- 
oratory began its Liquid Metal Research (LMFR) 


350) and SARDA (SS-488). 


developmental program *. In November 1955, at an 
information meeting at BNL, the status of the LMFR 
program was presented to representatives from 
industrial organizations. At the same time the 
Atomic Energy Commission announced the decision 
to support the building of an LMFR Experiment 
and invited any interested companies to submit pro- 
posals for the design, construction, and operation of 
the LMFRE. Shortly thereafter the contract for con- 
struction of the LMFRE was awarded to the Bab- 
cock and Wilcox Company, and work was begun at 
their Lynchburg, Virginia plant. 

In order to better understand the development 
and characteristics of the LMFR, fluid and solid-fuel 
reactors should be compared. A reactor using a fluid 
fuel may have the following — over one 
with solid-fuel elements: 

1.) Simple structure: A fluid fuel can be cooled in 
an external heat exchanger separate from the 

_reactor core. Thus the nuclear requirements (of 

the core) and the heat flow requirements (of the 
exchanger) need both be satisfied at the same 
place. This may allow design for very high spe- 


* BNL Preliminary Design of LMFR Experiment prepared for U.S. 
AFC, page 3. 
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cific power. As an example, structural material 
of cross-section which can not be used in the 
core, can be used in the heat exchanger*. 

2.) Easy fuel handling, since the liquid fuel can be 
pumped throughout the system or even out of 
the reactor. 

3.) Simplified reprocessing of the fuel during reactor 
operation. 

4.) Simplified waste disposal since waste may be 
pumped to decontamination tanks for cooling. 

5.) Continuous removal of fission products from the 
fuel during reactor operation. The removal 
of poisons improves neutron economy and per- 
mits increased fuel utilization. Thus a reduced 
fuel inventory is required. 

6.) Inherent safety and ease of control. Any liquid 
which expands on heating gives an immediate 
negative temperature coefficient of reactivity. 
This effect is not delayed by any heat-transfer 
process, and tends to make the reactor self-reg- 
ulating. 


Disadvantages of fluid fuels are: 

1.) Possible fluctuations of reactivity caused by 
density changes, such as bubbling in the fuel. 

2.) Loss of delayed neutrons in the core. 

3.) Presence of fissionable material outside the core. 

4.) Induced activity in pump and heat exchangers 
as well as possible deposition of fuel and fission 
products. 

5.) Corrosion and erosion problems which arise 
from the movement of the liquid fuel through 
the system. 

6.) High radiation levels in the reactor, and in the 
component piping require development of re- 
mote maintenance techniques. 

The advantages and disadvantages listed were 
initially speculatory, but experimentation has 
shown them to be valid. 

To further evaluate the LMFR some comparisons 
must be made between liquid metal and other liquid 
fuel reactors. Liquid metal systems, in particular 
uranium-bismuth solutions, have the following ad- 
vantages over aqueous systems: 

1.) Metals can operate at high temperatures with- 
out high pressures. 

2.) Metal solutions are free from radiation damage 
and do not give off bubbles. 

3.) Liquid metals have better heat-transfer pro- 
perties than water. 

4.) Metals used have low scattering cross sections 
and can be used for fast, intermediate and 
thermal reactors as long as critical mass re- 
quirements can be met. 

5.) Electromagnetic pumps can be used with liquid 
metals; although the efficiency is poor, the eli- 
mination of moving parts is an advantage. 


* Lane-MacPerson-Maslan, Fluid Fuel Reactors (Addison-Wesley 
Publication Co., September 1958), page 704. 
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6.) Some suitable metals such as bismuth are 
cheaper than heavy water. 

7.) Polonium, formed from bismuth by neutron 
capture, may be a valuable by-product since 
it is a strong alpha emitter.* 

Some disadvantages associated with the liquid 
metal fuels as compared to aqueous fuels are: 

1.) The heat capacity is less than with water. 

2.) Liquid metals are more difficult to pump. 

3.) The absorption cross section of metal such as 
bismuth is not as low as would be desired. It is 
low enough, however, to allow breeding of U?** 
from thorium by means of thermal neutrons**. 

4.) Moderator must be supplied since the scat- 
tering cross section of metals considered is very 
low. 

5.) The limited solubility of uranium in bismuth 
necessitates the use of enriched fuels to attain 
criticality. 

6.) Because of (3) and (4) above, liquid metal fuel 
reactors are at least two feet in diameter and 
cannot be scaled down as far as aqueous re- 
actors can. 

7.) The high melting point of most metals makes 
the “start-up” of a reactor difficult. 

8.) Polonium, since it is a strong alpha emitter, 
may cause an additional hazard. Present knowl- 
edge indicates that it will not cause any more 
trouble that the other fission products pre- 
sent.* 

A number of disadvantages are associated with 
liquid metal fuels. Those which cannot be overcome 
must be provided for in the design of an LMFR. It 
is the purpose of this paper to discuss those major 
problems which had to be solved before a pilot 
reactor could be built. Then pilot operating ex- 
perience will be needed to choose the most econom- 
ical plant design. The problems fall into five major 
categories: 

1.) Liquid metal fuel solution to be used. 

2.) Fission product removal from fuel. 

3.) Breeder blanket fertile material. 

4.) Extracting fission products from breeder blanket. 

5.) Containment metals. 


Liquid Metal Fuel Solution to be used: 


A reactor that would use a liquid-metal solution 
or dispersion of U*** as fuel and that would breed 
the U2** from thorium appeared to have many de 
sirable features. Such an LMFR might have such 
low operating costs that the electric power would 
be produced at a price in competition with conven- 
tional fuels. A solution of uranium in bismuth was 
suggested because of the low melting point (520°F), 
and low neutron capture cross section of bismuth. 
Coupled with these factors is the very high boiling 


* Lane-MarPerson-Maslan, op. cit. page 839. 
* * Lane-MasPerson-Maslan, op. cit. page 712. 
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point of bismuth (2691°F at atmospheric pressure) 
which makes possible the high temperature opera- 
tion of a bismuth-cooled reactor at relatively low 
pressure. 


Temperature, °C 
1200 1000 800 700 600 500 400 300 


6 8 10 12 1a 6 18 
vt Kx 104 


Figure 1. Solubility of Uranium and Thorium in Bismuth. 


After selecting bismuth as the liquid metal, 
solubility tests were conducted with uranium, lead, 
tin and bismuth. These tests were conducted to 
determine how much uranium could be dissolved in 
bismuth both without, and with the other metals. 
It was determined that lead decreased the uranium 
solubility in bismuth, and that tin had an absorption 
cross-section which was too high. A single phase 
solution was desired for handling purposes and for 
fission product removal. As it turned out only the 
uranium-bismuth solution was single phase. From 
data compiled by Brookhaven National Laboratories 
the uranium solubility was determined at concen- 
trations of 600 to 1000 part per million of bismuth 
at proposed reactor operating temperatures*. Even 
though the solubility is not large, nuclear calcula- 
tions show that a properly designed reactor can 
utilize this solution as fuel. 

Experiments with uranium-bismuth solutions 


* LMFR Systems prepared by BNL for Nucleonics, page 14. 
Lane-MacPherson-Maslan, op. cit. page 724. 
BNL Monthly progress report, June, 1958, page 30. 


showed that the presence of such other materials 
as nickel, copper, manganese, et cetera, in small 
quantities materially affects the uranium solubility 
in bismuth. The presence of these other materials 
in most steels posed a serious problem. It was deter- 
mined that uranium would leave the bismuth, being 
replaced by nickel, and other materials when the 
uranium-bismuth solution was in contact with low 
alloy steels. The addition of zirconium to the 
uranium-bismuth solution and the use of chromium 
(24% %) and molybdenum (1%) steels prevented 
this corrosion from occurring. No definite explana- 
tion can be presented for this phenomena, but it is 
believed that the zirconium is absorbed by the iron 
and forms a zirconium-nitrogen protective film. The 
solubility of zirconium in bismuth does not mater- 
ially affect the uranium solubility. It is important 
to note that the saturation solubility of zirconium is 
very close to the amount desired for corrosion in- 
hibition at 932°F. 


Tests with the uranium-bismuth solution showed 
that uranium could be rapidly removed from solu- 
tion by oxidation to uranium oxide. To prevent this 
from occurring an oxygen getter was employed. 
The metal chosen for the task was magnesium since 
its oxide is more stable than uranium’s. At 932°F 
the magnesium solubility in bismuth is much higher 
than that needed (300 ppm), and its presence has 
little effect on the solubility of uranium. 


Fission product removal from the fuel: 
Removal of fission products from the fuel solution 
falls into four categories: 
1.) Gaseous elements or compounds that are volatile 
at reactor operating temperatures, abbreviated 
FPV. 


2.) Nonvolatile elements forming compounds more 
stable than corresponding uranium compounds, 
abbreviated FPS. 

3.) Nonvolatile elements forming compounds less 
stable than corresponding uranium compounds, 
abbreviated FPN. 

4.) Nonvolatile elements forming compounds less 
stable than the corresponding bismuth com- 
pounds, abbreviated NFPN. 

The removal of the FPV fission products involves 
the use of high point tap-offs with a baffle arrange- 
ment for fuel solution agitation. In removing the 
FPN and NFPN a zinc drossing process is used. 
This involves the addition of zinc to the fuel, agi- 
tation of the mixture and then cooling to 752°F. A 
slag of zinc compound impurities is skimmed off the 
top of the mixture leaving the fuel solution free of 
the FPN and NFPN impurities. Results have shown 
that the amount of zinc required decreases as the 
precipitation temperature is lowered. The less zinc 
added, the less to be extracted before the fuel re- 
turns to the loop*. 


* Lane-MacPherson-Maslan, op. cit. page 824. 
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In removing the FPS fission products a process 
similar to the reduction of impurities in iron is used. 
For example, when chromium and manganese are 
to be removed from molten basic open hearth iron, 
a slag containing iron oxide is used. In the resulting 
process an exchange of oxygen occurs, and the 
chromium and mangenese oxides go into the slag. 
In a typical slagging operation, a molten salt or 
oxide mixture reacts with and extracts undesirable 
contituents of a metal melt. In a similar way, bis- 
muth is purified of all base metal impurities by a 
selective chlorination. 

At present a ternary salt of MgCl,-NaCl-KCl is 
mixed with the fuel solution. Due to the large dif- 
ference in energy required for the reactions only 
the MgCl, goes into reaction. This results in the 
magnesium going into solution and the fission 
products going to a chloride slag with NaCl-KCl. 
The addition of the magnesium to fuel solution is 
a desired result, and its presence prevents uranium 
chlorination. Upon completion of the removal of 
fission products the uranium-bismuth solution is 
returned to the loop. Present plans are to process 
continually only a small portion of the total fuel 
solution in order to keep fission products’ poisoning 
to an acceptable limit. 


Breeder blanket fertile material: 

Little consideration was needed to determine 
what element was best suited for the fertile ma- 
terial for the breeder blanket. Thorium, afte: neu- 
tron capture, decays almost entirely to uranium-233 
and protactinium-233. The protactinium in turn 
decays to uranium-233 by negative beta decay with 
a half period of approximately 28 days. 

In developing a blanket system for the LMFR, it 
seemed logical to select one which is as similar to 
the core fuel as possible. After considerable evalua- 
tion the principal emphasis has been placed upon a 
(ThBi,) in the form of very small particles (slurry). 
A slurry had to be used because of the very low 
solubility of thorium in bismuth*. 

This fluid has practically the same physical prop- 
erties as that of the fuel. ‘Thus it is possible to balance 
pressure across the graphite wall separating the 
blanket from the fluid fuel. In the event of mix- 
ing of the blanket and core fluids, no violent reac- 
tions will result. Furthermore since the fluids are 
essentially the same chemically the same chemical 
processing techniques can be used in removing 
fission products. 

A great deal of research has been done on other 
thorium compounds, but at present the thorium 
bismuthide slurry in bismuth seems to offer the 
greatest possibility of success. A problem of thorium 
bismuthide precipitation in the cold sections of 
piping has been overcome by adding small amounts 
of tellurium to the slurry. The tellurium inhibits 
~* Lane-MacPherson, op. cit., page 738 


Babcock and Wilcox Quarterly Technical Report, Feb.-May, 
1957, page 97. 
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the bismuthide grain growth and thus effectively 
eliminates the precipitation. 

A maximum of ten percent by weight of the bis- 
muthide is allowed in the blanket. Additional bis- 
muthide beyond this limit greatly increases the 
viscosity of the slurry, and thus the pumping re- 
quirements. Continual chemical processing of only 
a portion of the blanket is required. 

Extracting fission products from breeder blanket: 

Chemical processing of the blanket is very similar 
to the fuel processing already described. The major 
problem consists in transferring the bred uranium 
and protactinium from the solid thorium bismuthide 
to the liquid bismuth phase, so that they can be 
chemically processed. This is accomplished by dilut- 
ing the slurry with bismuth and heating the mixture 
until all the solid goes into solution. Cooling of the 
solution reforms the thorium bismuthide leaving 
the uranium and protactinium dissolved in the bis- 
muth. Physical separation of the bismuthide leaves 
the bismuth solution to be processed in the same 
way as the fuel. 


Containment metals: 

In considering a containment metal, it must be 
realized that before the conception of the liquid 
metal fuel reactor very little was known about the 
solubility and corrosion characteristics of liquid 
bismuth. As mentioned in the discussion of uranium 
solubility, many of the alloy steels cannot be used 
as a containment metal. For example, nickel-con- 
taining steels cannot be used, despite their good high 
temperature mechanical properties, because of the 
high solubility of nickel in bismuth. This is partic- 
ularly important since the presence of the nickel 
greatly lowers the uranium solubility in bismuth. 

Certain chromium-molybdenum low alloy steels 
offer a good compromise for use in heat exchangers, 
piping and reactor vessel. Additions of zirconium 
and magnesium to these steels greatly improve their 
corrosion resistance. Besides these are other mater- 
ials, particularly the noble metals, which have 
characteristics making them suitable for certain uses 
in the fuel systems. However, unless the cost and 
ability to fabricate these materials can be improved, 
heavy dependence will have to be placed upon alloy 
steels for the main containment problem. 

Extensive research has been conducted on the 
corrosion of the low alloy steels by inhibited urani- 
um-bismuth solutions. The chromium-molybdenum 
steels were finally selected because of low solubility 
of these elements in bismuth. Tests have shown that 
without the zirconium-magnesium inhibiters rapid 
plugging of the piping resulted. Analysis of the plug 
metal showed that it was composed of chromium and 
iron. This was puzzling since the saturation solu- 
bility of iron and chromium in bismuth is very 
low. It was determined chemically that the metals 
were going into solution in the hot section of the 
piping and precipitating out into the cold section. 
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Supersaturation of the iron and chromium was de- 
tected, but essentially the metals were being trans- 
ported by the bismuth from the hot portion to the 
cold portion of the piping. The rapidity of plugging 
and corrosion was found to be directly proportional 
to the temperature difference between the hot and 
cold sections of pipe. As the temperature differ- 
ence increased the rapidity of plugging would 
increase. 

With the addition of zirconium and magnesium 
to the fuel solution a great reduction in corrosion 
was noted and no plugging resulted. In two dif- 
ferent tests conducted at Brookhaven National 
Laboratories on 2%% Cr: 1% Mo steel % inch 
IPS loops, the uninhibited system plugged in 300 
hours while the inhibited system was still clear 
after 3000 hours of operation. These results have 
been substantiated by numerous other test results. 
It is important to note that loops that did not 
originally contain magnesium and zirconium showed 
a loss of uranium and plugged in a short time. 
Corrosion in the hot section of those pipes which 
had plugged was serious while in the unplugged 
pipe it was negligible. 


Although the containment problem appears to 
be solved, extensive tests are still being conducted 
on steels and other metals. The researchers feel 
that a great deal is still to be learned of metal reac- 
tions at elevated temperatures. Apparently many 
investigators are still doubtful about the reliability 
of the systems after years of reactor operation. It 
is interesting to note here that the metal best suited 
for the purification system piping is type 347 
stainless, which is a nickel-chromium steel. I have 
been unable to locate any discussion on this selec- 
tion of pipe and can only speculate as to the reason. 
Perhaps the presence of the ternary salt and in- 
hibitors prevents the transgranular attack which 
results when the nickel steel is used in the fuel 
system. 


A number of reactor designs have been consid- 
ered and thoroughly investigated. There are many 
considerations which enter into the selection of 
one particular design over another. To limit the 
scope of this paper I shall only consider two pos- 
sible designs, the internally and externally cooled 
two-fluid reactor*. (A two-fluid designation means 
that the breeder and fuel systems are separate.) A 
one-fluid reactor is one in which both thorium 
and uranium are dissolved together in the bismuth, 
and no provisions are made for a separate breeder 
blanket. To acquaint the reader with nomencla- 
ture, there is another designation, “integral reactor” 
which implies an externally cooled system, but one 
so compact that the reactor and primary heat ex- 
changes can be placed in the same container. 


op. 23 and 24. A detailed dis- 
cussion of certain types has been presented with the results of 
optimization studies presented. 


The classification of Liquid Metal Fuel Reactors 
can then be shown pictorially: 


= == 


Core Blanket 
Sligh Th Bi Solid Th 
U-Slurry Slurry Slurry Elemente 


Figure 2. Classification of Liquid Metal Fuel Reactor*. 


In the internally-cooled reactor the liquid fuel can 
be used as a fixed element. The total uranium-bis- 
muth inventory is reduced because the liquid fuel is 
not circulated through an external heat exchanger. 
Since power-plant working fluid may be heated di- 
rectly in the core, the moderator is used as a barrier 
between the working fluid and fuel. Either graphite 
or beryllium are suitable moderators for an LMFR 
core, but most of the development has been done on 
graphite. Improved graphite production methods 
have made available a new relatively impermeable 
grade of graphite. At present, it is believed that 
these graphites will meet the requirements for the 
first experimental LMFR. It is already possible to 
produce some graphites in blocks as large as 40 to 
60 inches in diameter. As the development pro- 
gresses, graphites of greater impermeability will 
be produced. Internal core arrangement will be 
similar to that of the pressurized water reactor. 
An intermediate fluid may be used so that heat can 
be transferred to the working fluid outside the re- 
actor as in the pressurized water plants. 

The basic elements of an externally-cooled system 
include the reactor core where heat is generated, a 
heat exchanger for transferring the heat to the 
working fluid and a pump for circulating the urani- 
um-bismuth steam. Since the primary heat-transfer 
surface is not in the core, the core design is relatively 
simple. The major disadvantage of this design is that 
a large volume of the uranium-bismuth solution is 
required. An estimate of 6,000 dollars per cubic foot 
has been proposed for a 700 part per million uranium 
in bismuth solution. It is therefore ‘particularly: de- 
sirable to minimize the external fuel solution vol- 
ume. In spite of this drawback, Babcock and Wilcox 
have determined that the externally cooled reactor is 
best**, and does simplify the design parameters. 
Heat exchangers are designed so that the working 
fluid flows through the tubes in a shell and tube 


* Lane-MacPherson. op. cit. page 797. 
* * Nucleonics, November 1958, page 158. 
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Figure 3. Externally cooled open-cycle arrangement LMFR. 
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Figure 4. Externally cooled compact arrangement LMFR 
for closed-cycle gas turbine. 


type heat exchanger. Repairs are made by breaking 
connections above the shielding, and replacing en- 
tire units using portable shielding. Figures 3 and 4 
show possible designs with an intermediate sodium 
fluid used to superheat the steam. 

The reactors considered are capable of up to 825 
mw (thermal) or 315 mw (electrical) total power 
with fuel inlet temperature of 750°F and outlet tem- 
perature of 1050°F. For 2% Cr: 1 Mo steel, this 
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gives allowable stresses of 4200 psi for normal oper- 
ating conditions. These figures correspond to 1 per- 
cent creep strength for 100,000 hours and 10,000 
hours respectively. Provisions for maintenance and 
repair of the LMFR raise several problems. It is an- 
ticipated that a substantial level of activity will be 
induced in the system by the circulating fuel. De- 
sign should be such that entire components can be 
replaced, and the damaged units allowed to cool off 
before repairs are made. As considered in prelimi- 
nary investigations the LMFR is best suited for 
central station power plants. Auxiliary gas turbine 
or diesel power should be available for supplying 
electrical power for induction coil heating of the 
liquid fuel in start-up.* 

In considering the LMFR for shipboard use a 
number of changes can be made. The fuel and 
breeder blanket purification system can be elimi- 
nated, as well as the breeder blanket. Although these 
changes would greatly affect the economics of this 
type reactor, higher thermal efficiencies could be 
attained, but more frequent fueling would then be 
required. No design study has been made on this 
subject, but it is of a great deal of interest to the 
naval engineers. As the LMFR program stands now, 
it appears that it will be years before the plant will 
be ready for commercial use. Its attractiveness lies 
in the fact that the fuel can be used completely with 
no periodic refuelings required. With the breeder 
blanket, the uranium consumed in the fuel can be 
replaced by breeding from thorium. Of interest is 
the fact that it is cheaper to breed only 86 percent 
of the uranium consumed**. This is the result of an 
optimization study on cost of breeder chemical proc- 
essing versus the purchase of uranium from an out- 
side source. 

In conclusion, a number of outgrowths of the 
LMFR program should be mentioned. These are 
included to make the readers aware of the existence 
of these other programs. A gas cooled liquid metal 
reactor has been studied and offers great promise 
for use with gas turbines***. Papers have been pre- 
sented on a molten plutonium fuel reactor’ as well 
as a liquid metal-uranium oxide slurry reactor‘. 
Perhaps one of these will prove to be ideal for 
marine use. After the evaluation of a LMFR pilot 
reactor it is felt that great strides will be made in 
the simplification of the piping systems, and reduc- 
tion of power plant size. It may then prove worth- 
while to adapt such a system for shipboard use. 
Finally, those fields which are still to be investigated 
before pilot plant construction begins include: heat 


* BNL preliminary 


* * Lane-MacPherson, op. cit. pags 829. 
* * * Stroughton and Sheehan, FR Closed-Cycle Gas-Turbine 
Power Plant. published in “Journal of the American Society of 
fa — Incorp.” May 1957, page 363. Lane-MacPherson, op. 
cit. page ‘ 

+ LMFR with Recycled Plutonium by BNL, not published, Lane- 

MacPherson, op. cit. page \ 

+ + Lane-MacPherson, op. cit. page 944. 
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transfer studies, continued containment metal 
studies, maintenance and repair studies, and plant 
optimization studies. 
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An Electronic Computer, no bigger than a breadbox, is being devel- 
oped by the United States Navy to give one man total control over the 
complex functions of a nuclear-powered submarine. The new system may 
permit reduction of A-submarine crews from the present average of 100 
to only 12. Known as SUBIC (Submarine Integrated Control), the system 
will provide the controller, or commanding officer, with visual displays of 
all the information he needs to run the ship, in war and peace. The data 
will come from five fundamental control systems—engineering, communi- 
cations, weapons, environmental and ship. These are the same systems 
that feed data to the numerous dials on today's instrument panels. The 
small, 40-pound SUBIC computer, capable of making 15,000 computa- 
tions a second, will convert the raw data into simple television pictures. 

In weapons control, for example, SUBIC provides a picture display that 
continually indicates the identity, position and movement of each target, 
as well as the submarine's own position and movement. The engineering 
control display will indicate power-plant operation and status. In addition, 
SUBIC will provide an automatic means for effecting power-plant changes 
to compensate for changing conditions. In communications control, 
SUBIC will utilize an automatic receiver-transmitter and an automatic 
coder-decoder unit. Automatic monitoring, detection and elimination of 
air-supply contaminants will be part of the environmental control system. 
Also in this category will be damage detection as displayed on a televi- 
sion screen. Ship control will include bathythermograph and other informa- 
tion on screen displays. SUBIC is adaptable to small “killer submarines 
and large ballistic-missile submarines, both of which have one-man air- 


plane-type manual controls. 
—from SCIENCE NEWSLETTER 
August 29, 1959 
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MISSILES AND ROCKETS OF THE UNITED STATES ARMED FORCES 


sustainer motor 


Dia. or Range 
Length| Wing | Weight (Miles) Propellant & 
ARMY Status (Feet) | Span* | (Pounds) (approx) Motor Guidance System 
Surface-to-Air _.,. | Solid propellant 
separable booster, 
Nike AJAx operational 20 Be 2,000 25 integral liquid Radar 


operational 


Solid propellant 
booster and solid 
propellant sus- 
tainer motor 


Command radar 


rocket motor 


development 
Hawk testing 17 14” Solid fuel Continuous wave 
propellant radar in nose 
Surface-to-surface 
Liquid propellant 
CorPorAL operational 45 30” 75 rocket motor 
SERGEANT development | 30 Solid propellant 
REDSTONE operational 70 6’ 200 Liquid propellant | Self-contained 
guidance system 
Juprrer (IRBM) | testing 60 105” 1,500 Liquid fuel Inertial guidance 
system 
PERSHING early de- Solid propellant | 
velopment | 
LACROSSE production 19 2014” Solid propellant Command guidance 


Rocket 


Honest JoHN operational 27 30” 


several « 


Solid propellant 


| 


| Free flight 


LitTLE JOHN issued for 12 


training 


Solid propellant 


Free flight 


AIR FORCE 
Surface-to-Air 


Bomarc’ testing 47 35” 15,000 200 Rocket launched Electronic guidance 
18’* | (Altitude| Twin Ram-jet system with ter- 
3 of 60,000’)| engines minal guidance 
system in missile. 
Surface-to- Surface, in 
MarTapor operational 39.6 9 12,000 (35,000 | Jet engine, surfac ace. Electronically con- 
28.7'* | altitude) | launched by trolled from ground 
booster 
Mace operational > ~ 600 | Improved over that 
... | of Matador 
(IRBM) operational | . 65 300to | Liquid rocket All inertial 
Nee 1,500 engine 
SNARK (ICM) | testing 67.2 | 15’ 5,000 | Jet engine, 15,000 
42’* pounds thrust _ 
Attias (ICBM) production 80 9 195,000 5,000 Liquid rocket Radio inertial or 
engines all inertial 
Trran (ICBM) | development » 199 100 tons 5,500 2-stage liquid 
rocket 
MINUTEMAN early me 5,000 3-stage All inertial 
(ICBM) development 4 ; solid propellant 
RASCAL | production 32 4’ 75 Rocket propelled . 
Hounp Doc [development | several | Jet engine guidance 
| hundred 
Air-to-Air | 
FaLcon operational 6 6.4” 100 Solid propellant Radar or super sen- 
at i rocket sitive heat seeking 
device 


Diversionary 
GoosE production 


Jet propelled 


flight tested 


GREEN QUAIL 


Jet engine 


Rocket 


GENIE operational 


Jet rocket engine 


1Work is underway to develop 4 solid propellant 


of production or cancelled. 


system. 2Out of 
Copyright 1959 by the Society of American Military Engineers. Reprinted by permission from Nov.-Dec. 1959 issue of “The Military Engineer.” 
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“JOURNAL OF THE JOINT PANEL ON 
NUCLEAR MARINE PROPULSION” 


SOME RECENT PROGRESS 


IN NUCLEAR ENGINEERING 
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‘ton 1958 Geneva Conference on the Peaceful 
Uses of Atomic Energy has provided an occasion 
to take stock of the developments in nuclear engi- 
neering which have occurred during the last three 


years. 

We heard at Geneva of the important operating 
experience of the first two full scale nuclear power 
stations. Calder Hall and Shippingport, and were 
informed at the last minute that the first U.S.S.R. 
100 MW power station had just come into commis- 
sion. 

We heard also of the first commercial nuclear 
power stations which are being built or will soon 
be built for electricity authorities. The United King- 
dom, the United States and the Union of Soviet 
Socialist Republics are each building four to be in 
operation by 1962. France is building two and the 
Italians two. Between them they will generate over 
5,000 MW of electricity. This is only the first round 
and a world installed capacity of 15,000 MW by 
1970 seems likely. 

Four main reactor types are contributing to this 
program. The U.K. and France are using gas cooled, 
graphite moderated reactors, improved in succes- 
sive designs by increases of rating and output lead- 


ing to reductions in capital costs. The U.S. are using 
mainly the pressurized water reactor and boiling 
water reactors, with the latter showing a 30 per cent 
or so reduction in capital cost over the pressurized 
water reactor. The U.S.S.R. is using the pressurized 
water reactor and also a graphite moderated, water 
cooled reactor with provision for superheating in 
later versions. The Italians have decided to build 
one graphite moderated reactor and one boiling 
water reactor so that they will obtain experience of 
the two favored types. 

Large scale fast reactor experiments are due to 
be commissioned at Dounreay in 1959 and in the 
US. in 1960. 

The U.S. are also building a fast reactor to de- 
velop 100 MW of electricity and the U.S.S.R. report 
that they are planning a 50 MW and a 250 MW fast 
reactor. 

The date at which nuclear power is forecast to 
break even with commercial power varies greatly 
between different countries. This is understanda- 
ble, since in the U.S. a great deal of power is gen- 
erated at 4 mils from cheap Kentucky coal, natural 
gas and hydro-electric plants. Load factors, capital 
charges and power costs vary greatly from country 
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to country and the price of enriched uranium fuel 
is another important variable parameter. 

The Electricity Board paper’ at Geneva stated 
that Hinkley Point nuclear power station in Somer- 
set would just about break even with coal fired sta- 
tions on a load factor of 75 per cent and a write-off 
of 20 years and interest rates of 5 per cent. This is 
helped by coal costs being high in that area. Reduc- 
tions in capital costs due to straightforward devel- 
opments and improvements in technology of the or- 
der of 30 per cent are foreseen over the succeeding 
five years. 

U.S. speakers predicted that in the U.S., for the 
reason I have already given, nuclear power would 
not be competitive with conventional stations until 
about 1972. 

The Russians, as usual, said very little about eco- 
nomics and do not seem to be greatly interested in 
this aspect of nuclear power. 

In other countries the break-even dates lay be- 
tween the U.K. and U.S. dates. 

Since the field of nuclear engineering covered at 
Geneva was so vast, I will confine myself to dis- 
cussion of the reactor types which may have ap- 
plication to marine engineering. 


THE PRESSURIZED WATER REACTOR 


The technical performance and reliability of the 
pressurized water reactor for marine propulsion has 
been fully proved by the performance of the U‘S. 
submarines Nautilus and Skate. 

At the Geneva Conference the application of the 
pressurized water reactor to the propulsion of the 
Savannah was described.? The Savannah is a com- 
bined passenger/cargo ship of 21,800 tons displace- 
ment designed to have a speed of 21 knots. The 
22,000 shp propulsion unit uses a pressurized water 
reactor as a heat source and full details of this were 
given. (Table I.) 


TABLE 

Turbine inlet pressure (dry, saturated 

Main condenser pressure, in. Hg abs 15 
Food water temperature, °F ............. 343 
Steam generation: 

For main turbines, lb per hr .......... 204,625 

For other uses, lb per hr .............. 55,325 

Total electrical load, W ................. 1,850 
Reactor heat generation, MW ............ 68 
1,750 
Primary water temperature rise through 

Primary water mean temperature, °F .... 508 


= temperature (dry and saturated), 
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In my Andrew Laing Lecture‘ I made a rough 
estimate of the fuel costs of this propulsion unit and 
these are given in Table II. 


TasBie II—U.S. Operated Marine Pressurized Water 
Reactor: Fuel Costs 


Cents/ 
s.h.p./hr. 
Interest in fuel inventory at 4 per cent 
0.63 
Less credit for Pu formed, at $12 per gram ..0.06 
Total ....0.57 


The capital costs of the propulsion unit were 
given by Zinn’ as 14.5 million dollars plus 1.5 mil- 
lion dollars for shielding and containment. 

On this basis the comparative operating costs of 
a conventional tanker of 47,000 tons deadweight and 
a nuclear tanker of the Savannah type and of the 
same shp are given approximately in Table III. 


TABLE III 


Nuclear, Oil 
£ fuel, £ 


— charges on hull and engines .. 986,000 450,000 


There is therefore a considerable gap to be 
bridged. 

The application of the pressurized water reactor 
to the icebreaker Lenin, which is due to come into 
commission next year, was described by the U.S.S.R. 
at Geneva.*’ The icebreaker displacement is 16,000 
tons powered by turbines of 44,000 shp. There are 
three pressurized water reactors, one of which is a 
standby. Each reactor has an independent primary 
circuit in which high pressure coolant is circulated. 
In a second circuit water of reduced pressure is 
heated and transformed into superheated steam. 

The icebreaker is capable of moving through 2m 
thick ice floes with a speed of 2 knots. In ice-free 
water it has a speed of 16 knots. The icebreaker 
will make it possible to keep clear 6,000 miles of 
seaway north of U.S.S.R. territory, an achievement 
which becomes possible because of the virtually un- 
limited range that nuclear power affords. 


THE BOILING WATER REACTOR SYSTEM 


Several papers at Geneva*®'°"! were devoted to 
the boiling water reactor system. At least three re 
actor experiments are in operation and a great deal 
of valuable experience has been gained. The first 
full scale application will be the U.S. Dresden 180 
MW nuclear power station. 

The boiling water reactor system in its simplest 
form generates steam in the reactor and passes the 
steam direct to the turbine so that no heat ex- 
changer is required. The elimination of the heat ex- 
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changer reduces the system pressure from the 1,- 
750 psi of the Shippingport pressurized water re- 
actor to the 950 psi of the Dresden boiling water 
reactor, although the boiling water reactor produces 
steam that is 60°F hotter, so that there are savings 
in cost and weight. 

There are still some questions about boiling water 
reactors that we cannot answer with certainty. 
First, it seems likely that a direct coupled turbine 
and condenser will not become unacceptably active 
if the fuel elements remain intact, but we do not 
yet know whether the activity can be held at this 
low level if some of the fuel elements developed de- 
fects. If the activity level rises, the turbine would 
have to be shielded. Second, boiling water reactors 
can become unstable if we try to take too much 
power from their cores and it is not yet possible to 
assess accurately what is the critical power level. 
This may present problems in large boiling water 
reactors, but American experience suggests that it 
is not a problem with the size of reactor that is re- 
quired for propelling a ship. Third, the control of a 
boiling water reactor may be somewhat more com- 
plex since it does not necessarily have the same 
sort of self-stability as the pressurized water reac- 
tor. However, the experience gained with the opera- 
tion of boiling water reactor experiments in the 
U.S. has given them considerable confidence in its 
future. 

An increase in the power demand in the boiling 
water reactor results in increasing the steam voids, 
which leads to loss of reactivity, and this must be 
compensated for by control rod movement or a fall 
in temperature. A large rise in power level due to 
loss of steam demand is reduced by having a bypass 
valve for the turbines so that excess steam can pass 
direct to the condensers, but small reductions in 
steam demand can be accommodated by a tempera- 
ture rise or control rod movements. 

A variant of the boiling water reactor uses a dual 
cycle system, shown in Figure 1.? 

The idea behind the dual cycle approach is to re- 
move as much energy as possible by boiling in the 
upper part of the reactor without exceeding the 
limit of reactivity for good stability. The boiling 
portion is controlled by the degree of sub-cooling at 
the inlet to the reactor. To accomplish this, the 
steam water mixture is sent to a separating drum, 
and the steam, essentially at reactor pressure, then 
flows directly to the turbine. The water flows from 
the drum through heat exchangers where more heat 
is removed and used to produce steam at a some- 
what lower pressure. This secondary steam is ad- 
mitted to a lower stage of the turbine. The fraction 
of energy removed by means of the heat exchangers 
controls the temperature of the water returned to 
the reactor. 


: Emergency relief valve 


"Pressure 

reguiatii re/ie 

valve valve 
Primar, 
Turbine 
steam drum ae Turbine 
|Condenser 
Secondary 
steam drum 


Secondary 
steam generator 


Figure 1—Simplified flow diagram. 


Experience of operation of the reactor experi- 
ments at the Argonne Laboratory and Vallecitos 
has so far been good. The Argonne enriched boiling 
water reactor has been able to achieve three times 
its designed power output and has a specific power 
density of about 1 MW (thermal) per cu. ft. Valle- 
citos has reached 50 per cent greater power density. 

The favored fuel for boiling water reactors is 
sintered uranium oxide clad in stainless steel. Ura- 
nium oxide is believed to be capable of withstand- 
ing a burn-up of the order of 10,000 MW days per 
ton. Stainless steel is a comparatively cheap clad- 
ding material, though it is bad for neutron econo- 
my, but at present day prices there seems to be no 
economic advantage in using a more expensive. 
canning material such as zircalloy for smaller re- 
actors. All small reactors require enriched uranium 
fuel and for a 20,000 shp unit of the enriched boil- 
ing water reactor type, the U 235 content would be 
about 1.5 per cent. Whereas this type of reactor 
might be economic with American enrichment costs 
it would not be so if fueled with British uranium 
235. U.K. costs would be at least twice this figure. 
We may however be able to use for enrichment the 
plutonium which will be available as a by-product 
of Electricity Board reactors at about £5 per gram. 

Fuel costs will depend very much on fabrication 
and chemical processing costs. The important points 
to notice when referring to Table II are first, that 
the fuel enrichment for the Savannah is about 4 per 
cent U 235 whereas it is only 1.5 per cent for the 
enriched boiling water reactor. This is due in part 
to the use of thick stainless steel cladding for the 
fuel. The cost of the fuel itself and the burn-up 
could therefore be reduced in a less conservative 
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design. Second, the chemical processing and fabri- 
cation costs are about half of the total fuel costs. So 
there is room for reduction here. 

Untermyer ** has estimated that fuel costs for 
boiling water reactor type propulsion systems 
would be about 0.3d./shp hr. using U.S. enriched 
uranium hired at 4 per cent. Plutonium fuel should 
give roughly the same costs. This fuel cost compares 
with current oil fuel costs for a 22,000 shp unit of 
about 0.4d. per shp-hr—with oil at 135s. per ton. 

If I may refer again to Table III, the 25 per cent 
possible reduction in fuel costs would decrease an- 
nual fuel costs by £80,000 per annum. It would 
therefore be possible to increase capital charges 
correspondingly, which would allow an addition to 
the capital costs compared with conventional costs 
of about £500,000. 

Capital costs of the boiling water reactor system 
seems to be about 30 per cent below capital costs of 
the pressurized water reactor system. This would 
reduce capital costs, as compared with the Savan- 
nah, from 14.5 million dollars to about 10 million 
dollars. There would still therefore be a 6 million 
dollar gap to be bridged. 

The crux of the matter is therefore, how far cap- 
ital costs of boiling water reactors can be brought 
down under manufacturing conditions in this 
country. 

The main uncertainties of the boiling water reac- 
tor for ship propulsion are: — 

1) The degree of integrity of the fuel elements 
which can be achieved in practice. So far U.S. 
experience has been good. 

2) The effect of ship motion on the motion of the 
steam voids with the consequent effect on re- 
activity.'* Experimental work on this problem 
will be required. 

The experience of the U.S. has given them consid- 
erable confidence in this reactor system and it was 
reported at Geneva that the Maritime Administra- 
tion is considering its application to a 22,000 dwt 
tanker. The tanker would be propelled at 20 knots 
by a 22,000 shp propulsion unit using steam from a 
boiling water reactor. 


THE ADVANCED GAS COOLED REACTOR 


The advanced gas cooled reactor being developed 
in the U.K. by the Atomic Energy Authority has al- 
ready been described to the Institute by Hinton and 
Moore.’® At Geneva its application to tanker pro- 
pulsion was discussed by Iliffe and Moore * and the 
main parameters of its design were given in a sep- 
arate paper by Moore, et al.'’ 

The main objective of this reactor is to increase 
the temperature of operation and ratings above 
those of the present gas cooled reactors so as to re- 
duce capital costs per kW 30 per cent or so below 
those of the first round of Electricity Board power 
stations. Fuel element surface temperatures will be 
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increased from the 430°C. (806°F.) of Hinkley 
Point to about 600°C (1,112°F.). This will be 
achieved by using sintered uranium oxide as a fuel, 
canned in beryllium metal. Uranium oxide has a 
melting point of 2,400°C. (4,352°F.) though it has a 
low thermal conductivity. By using a bundle of 
small diameter fuel rods, ratings of the order of 8 
MW per ton should be achieved. This compares 
with 2.6 MW per ton of Hinkley Point. Uranium 
oxide is known to have good irradiation stability 
and small specimens have been irradiated to 25,000 
MWD per ton without radiation damage. U.S. de- 
signers are assuming that a burn-up of 10,000 MW 
days per ton will be achieved in the water moder- 
ated reactor using UO, fuel. The advanced gas 
cooled reactor experiment is assuming a more con- 
servative figure of 6,000 MWD per ton, as their fuel 
will be working at a higher temperature. 

These high fuel element surface temperatures 
will enable bulk gas outlet temperatures ranging 
from 500-530°C. (932-986°F.) to be achieved. In the 
28 MW reactor experiment which is being built at 
Windscale, a single pressure steam cycle will be 
used giving steam condition of 600 psi. A somewhat 
higher efficiency could be obtained using a more 
complex steam cycle which would be possible in a 
full scale station. 

The use of uranium fuel and a cluster of small 
diameter rods will require a slight degree of enrich- 
ment of the uranium—roughly 1.2 per cent of U 235 
—in the reactor experiment and a lower enrichment 
in a full scale station. The enrichment could be pro- 
vided by plutonium from earlier generation power 
stations and in any case the reactor could be oper- 
ated on a natural uranium feed by recycling the 
plutonium. In a propulsion application, the cost of 
the fuel burned is predicted to be about 0.2d/shp-hr 
for a 40,000 shp unit, and a burn-up of 6,000 MW 
days per ton. 

Moore and Iliffe '* estimated that capital costs for 
the advanced gas cooled reactor for marine propul- 
sion would be between 50 and 100 per cent above 
the capital cost of a commercial propulsion unit. 
This would be to some extent offset if the low fuel 
cost of 0.2d/shp-hr could be achieved, and they 
reckon that an 87,000 ton dwt tanker operating on 
an 80 per cent load factor might just about break 
even with an oil fueled tanker with oil at 135s. per 
ton. 
The development of a new reactor system of this 
kind requires the effort of about 200 scientists and 
engineering professional staff for several years. The 
reactor physics has to be tested in heated zero ener- 
gy reactors to study the nuclear behaviour at high 
temperatures; the fabrication technology of UO, 
and beryllium has to be developed; their behaviour 
under irradiation has to be tested in our DIDO, 
PLUTO and D.M.T.R. reactors. High pressure heat 
transfer rigs have to be set up to study heat tnans- 
fer and pressure drops; the reaction of CO, and 
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graphite has to be tested at high temperature and 
under irradiation. Finally, all has to be tested by 
the reactor experiment. We consider that it is es- 
sential first to test this advanced technology on land 
rather than at sea. 
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Figure 2—Comparison in cost between the nuclear tanker 
and the conventional one (costs associated with a surface 
speed of 1742 knots), 


THE ORGANIC LIQUID MODERATED REACTOR 


A reactor similar in principle to the pressurized 
water reactor but using an organic liquid as a mod- 
erator has a number of potential advantages. __ 

First, an organic liquid such as diphenyl or ter- 
phenyl has a low volatility allowing low pressure 
operation and consequently a cheap 
construction. 

Second, there is negligible corrosion of materials 
of the pressure circuit and the fuel..elements, so 
cheap construction materials can be used. 

Third, the coolant does not acquire any appre- 
ciable radioactivity so the external. circuit does not 


TABLE iV Performance Data 


require shielding and there is easy access for main- 
tenance. 

The main disadvantage of the organic liquid is 
that under the influence of radiation about 100 lb. 
of polymer is formed per MW day of heat so that 
there has to be a continuous make-up, and the cost 
of this is an important element in operational costs. 

A secondary disadvantage is that the organic 
liquid does not have as good heat transfer proper- 
ties as water. 


At Geneva operational experience was reported 
on a 10 MW (thermal) organic liquid moderated 
reactor experiment which has been operated by 
North American Aviation at ARCO since early this 
year. 

Experience of reactor operation has been good. 
Radioactivity levels round the external circuit have 
been low—about twice the normal tolerance in the 
center of the area and maintenance operations have 
been possible even during full power operation of 
the reactor. 

The decomposition rate of the organic liquid does 
not seem likely to lead to moderator replacement 
costs above 0.07d. per shp-hr. 

The OMRE was designed to meet the following 
specifications: — 

Maximum fuel element surface temperature— 

530°C (986°F.). 

Bulk coolant temperature range 200-370°C (398- 

698°F.). 

Maximum coolant flow rate through core, 15 fps. 

The limitation to fuel element surface tempera- 
ture was set by the possibility of cracking of the 
hydrocarbons on the surfaces. © 

The performance data are given in Table IV. 

The reactor vessel is 4% ft. in diameter. The fuel 
elements consist of a 20 mil thick cermet of fully 
enriched uranium in stainless steel. These are clad 
in 5 mils of stainless steel. Each element is assem- 
bled from 16 fuel plates and there are 31 fuel ele- 
ments separated by a 0.13 in. coolant flow gap. The 
total U 235 content of the fuel elements is 25 kilo- 
grams. 


Bulk inlet oF, 500 
PK/AV flux ratio 3.16 2.80 
High boiler residue, per cent ee Yaa 0 35 
Viscosity ratio, -. 1.00 2.43 1.00 2.20 
Bulk outlet temperature, °F... 525 518 710 708 
Reactor power, MW . Bt 148 10.9 6.2 48 
Average heat flux, Btu/hr-ft’ 74,000 55,000 31,000 24,000 
Maximum heat flux, Btu/hr-ft - 230,000 174,000 87,000 68,000 
Average specific power, kW/kg 240 190 
Maximum specific power, kW/kg 1,830 670 530 
Average thermal neutron flux 
in fuel, N/Cm’-sec 2.010" 15X10" 9.510" 74X10" 
Maximum thermal neutron flux 
in fuel, N/Cm’-sec 6.510" 48x10" 2.7X10" 2.110" 
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The OMRE was designed to determine the be- 
havior of organic liquids in full scale reactors. The 
fuel elements bear little resemblance to those that 
would be used in a reactor for power production. 

A North American Aviation proposal for a 12% 
MW (Electrical) organic liquid moderated power 
reactor uses fuel elements of uranium alloyed with 
3 per cent molybdenum and % per cent silicon en- 
riched to 1.8 per cent in uranium 235 and clad in 
finned extrusions of aluminum. 

Each fuel element is about 4% in. wide, % in. 
thick and 4% ft. long. They are assembled into 
bundles about 5 in. square and positioned on a 6 in. 
sq. lattice. This element is designed for a maximum 
surface temperature of 400°C (752°F) with a bulk 
organic temperature of about 315°C (599°F). 


The capital costs of this reactor system are likely 
to be lower than for any other system. This reactor 
is thus a promising candidate for ship propulsion. 


THE HIGH TEMPERATURE GAS COOLED REACTOR 


At Geneva, accounts were given of the work in 
progress in the U.K., in Germany and in the US. to 
develop a high temperature gas cooled reactor sys- 
tem to give gas outlet temperatures in the region of 
700°C. (1,292°F.) to 750°C (1,382°F.). If successful 
this would be suitable for gas turbine applications 
for propulsion purposes or alternatively for land 
use. Steam cycles of about 40 per cent efficiency 
would be possible. A study on such a system has 
been proceeding in the Atomic Energy Authority 
for about two years, and a considerable amount of 
supporting technological work is going on. The 
A.E.A. research study is focused on a reactor ex- 
periment to develop 10 MW of heat which would 
be rejected to a cooling system. As is usual in most 
reactor designs the key to the performance is the 
fuel element. To achieve the high temperature de- 
sired, it is proposed to use ceramic fuel elements. 
The fissile content of one possible fuel element will 
consist of a mixture of enriched uranium, thorium 
as a fertile material, and graphite powder pressed 
into a compact hollow cylinder. One part of U 235 
would be used with about 20 parts of thorium. The 
object of this is to breed U 235 from the thorium 
and ultimately to operate on the thorium cycle. The 
mixture with graphite powder is being used in or- 
der to have a material which will enable high burn- 
ups to be achieved. Tests on our high flux DIDO 
reactor are being made. 

The fuel inserts are to be contained in a graphite 
can made from graphite which aims at being 100,000 
times less permeable than ordinary reactor graph- 
ite. The reason for this is to reduce as much as pos- 
sible the leakage of fission products through the can. 
The general arrangement of the fuel elements is 
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shown in Figure 3.'° Each fuel element consists of 
seven closely packed rods in a hexagonal array. 
Each fuel element is 8 ft. long and the individual 
rods are sealed to a bottom block and retained with 
metal bolts. Sixty-one of the seven rod fuel ele- 
ments make up the core of the reactor and form a 
right cylinder of 4 ft. diameter. The fuel rods will 
operate at a surface temperature of about 1,000°C. 
(1,832°F.). The heat will be removed by helium 
gas under a pressure of 10 atmospheres, the gas 
passing through channels between the fuel elements 
—the total voidage due to these channels being 
about 13 per cent of the core volume. 

The entering coolant flows downwards and main- 
tains the pressure vessel at a temperature of about 
350°C. (662°F.). It then flows upwards through the 
core and leaves it at a temperature of 700-750°C. 
(1,292-1,382°F.). Completely enclosed motors and 
compressors will be used to circulate the gas. 

Fission product leakage from the fuel inserts will 
be scavenged by a circuit connected to a bottom of 
the fuel elements. They will be trapped in an ex- 
ternal system consisting mainly of active charcoal 
absorption beds. This will remove most of the fis- 
sion products, excluding the fission gases. A chem- 
ical processing will remove O., CO., CO and N.O 
before the scavenging gas returns to the main cool- 
ing circuit. 

In this preliminary design a power density of the 
order of 10 kW per liter of core should be possible. 
Surface heat flow would be about 10 kW per sq. 


cm.?® 


The fissile content of the core would be 10-15 
kilograms so that the rating of the fuel would be 
about 1 MW per kilogram. On this basis 25 per cent 
of the fuel would be burned in about 300 days, so 
the core could have a long life. 

The nuclear properties of the reactor will be in- 
vestigated by a hot zero energy reactor (ZENITH) 
which will be completed at Winfrith Heath early 
next year. This will enable the calculations of the 
neutron balance of the reactor and the control rod 
design to be checked. 


The principal problems of the reactor are those 
concerned with the compatibility of the coolant and 
moderator and the level of radioactivity in the pri- 
mary circuit. The hot graphite will react with any 
oxygen impurity in the helium coolant, so in-leak- 
age must be kept to a very low level. 

Some radioactivity will leak into the primary 
coolant and the leak tightness of the primary cir- 
cuit must be of a very high order. Secondary con- 
tainment will however be provided and the reactor 
will be housed in a steel, pressure tight building as 
in the case of our DIDO and PLUTO reactors. 

After the research and feasibility studies now 


proceeding, we expect to start a detailed design 
next year, possibly in a collaborative Organization 


« 
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for European Economic Co-operation project. Con- 
struction of the reactor experiment would then fol- 
low. 

Several variations of the high temperature gas 
cooled reactor concept are possible. One obvious 
variant is to use beryllia instead of graphite as the 
moderator and canning material since this would 
reduce compatibility problems. We are at present 
carrying out small scale experiments on fabrication 
and radiation stability of beryllia and would expect 
to insert beryllia fuel rods in the reactor experi- 
ment for test. 

Other countries are interested in a similar proj- 
ect. One U.S. project will can the fuel elements in 
a refractory metal in the first instance to reduce 
the compatibility problems. The use of stainless 
steel cladding of 4 mils thickness would however 
absorb 15 per cent of the neutrons and would sub- 
stantially increase the fuel costs of the reactor. 

The use of other coolant gases such as nitrogen 
may be possible depending on compatibility prob- 
lems and these will be investigated in out-of-pile 
and in-pile loops. We would like to get away from 
the use of helium for later reactors if possible. We 
shall also investigate the use of plutonium as a pri- 
mary fuel but still using thorium as a fertile ma- 
terial. 

The high temperature gas cooled reactor experi- 
ment would be our first excursion into really high 
temperature reactor technology. We do not under- 
estimate the difficulties which we may encounter but 
the objectives are sufficiently important to devote 
an appreciable effort to the project. We must not 
however expect a practical propulsion system to 
emerge from this for ten years or so. 


THE SAFETY OF NUCLEAR PROPULSION 


Several papers at Geneva were devoted to the 
safety aspects of nuclear propulsion. The contain- 
ment system of the Savannah is illustrated by Fig- 
ure 4. 

The Savannah reactor is contained in a steel ves- 
sel 35 ft. in diameter and 50 ft. long. The contain- 
ment system is designed to withstand the pressure 
of 186 psi which would develop due to flashing 
steam, if the entire primary and secondary system 
were to rupture. The containment vessel is shielded 
above its equator with 30 in. of barytes concrete 
and below the equator with 48 in. of ordinary con- 
crete. Outside this shielding the dose rate is not 
more than 5R a year—the maximum permissible 
annual dose to an operator. Protection against col- 
lision is provided by the secondary shield which in- 
cludes alternate layers of redwood and steel. 

The authors of a Geneva paper’ recall that the 
perpendicular impact of the ship Stockholm at 20 
knots against the Andrea Dorea resulted in the 
penetration of 15 ft. into her hull; they considered 
it unlikely that the Savannah containment system 


124  A.S.N.E. Journal, February 1960 


could be penetrated. The United States Coast 
Guard consider that an object 0.2 ship breadths 
from the side is safe from direct collision. The Sa- 
vannah containment vessel is 0.275 ship breadths in- 
board. 

If the ship is sunk by collision the containment 
vessel should therefore remain intact. In shallow 
water it will remain so and would dissipate residual 
nuclear heating by convection. In deeper water 
bursting discs would flood the containment vessel 
before rupture. Any corrosion of oxide fuel ele- 
ments by penetration by sea water would be very 
slow. 

The most important hazard would seem to be due 
to a rupture of the primary cooling circuit and sub- 
sequent flashing of water to steam, followed by 
melting of the fuel elements and release of the fis- 
sion products. The course of this “maximum cred- 
ible accident” is analysed by Godwin and Dorf, 
who conclude that even in such extremely incredi- 
ble circumstances the containment vessel would 
contain the molten fuel and largely prevent escape 
of radioactive products. 

A less extreme hazard would be provided by the 
failure of the circulating pumps and simultaneous 
failure of the control rods to shut down the reactor. 
This again would lead to melting of the fuel unless 
an emergency shut-down system were provided. 
The analysis of their “just conceivable accidents” 
guides the designer in designing against the worst 
possible combination. 


THE FUTURE U.K. NUCLEAR PROPULSION PROGRAM 


The U.K. commercial nuclear propulsion program 
is being considered by a joint committee of the Ad- 
miralty, the shipbuilding industry, and the Atomic 
Energy Authority. 

It is obvious from what I have said that we shall 
have a hard task in bridging the gap between costs 
of nuclear and conventional propulsion. Neverthe- 
less, as soon as nuclear technology is sufficiently 
advanced we must attempt to bridge this gap and 
start to get practical designing and operating ex- 
perience. The U.S. and the U.S.S.R. are doing this 
and it is important that we should not fall too far 
behind. We shall require several years’ operating 
experience before deciding how far away commer- 
cial nuclear propulsion really is. I do not myself 
foresee any large scale introduction of nuclear pro- 
pulsion for commercial purposes before about 1970. 
Forecasts of this kind are however often proved to 
be pessimistic, so rapid is the pace of technological 
development today. 

In giving this lecture I have been very conscious 
of the work of that great pioneer, Sir Charles Par- 
sons. I feel sure that if he had been alive today he 
would have been building a nuclear propulsion sys- 
tem, driven on by his incessant desire to experi- 
ment in new technology. 
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Figure 4—Schematic of nuclear merchant ship showing dose rates per year at various positions in the ship. 
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If practical use can be made of a new discovery, electronic tubes may 
some day be transistorized. Physicists have discovered that a constant 
flow of electrons can be obtained directly from the surface of certain 
semiconductor materials. Thus semiconductor materials might be used to 
replace the conventional cathode emitter in electron tubes. The latest 
semiconductor to yield this unique flow of electrons is silicon carbide—a 
hard, crystalline solid, best known for its use in impure form as an abrasive 
in grinding wheels. In an electron tube, the heated cathode would be re- 
placed by a small semiconductor crystal having a built-in junction like that 
in a transistor. The crystal would consume a negligible amount of power 
and would yield electrons instantly and indefinitely when a small electric 
voltage is applied across it. 

Such a device would combine many of the advantages of both semi- 
conductors and vacuum tubes. The density of the electron flow is com- 
parable to that from the cathode of a conventional vacuum tube. The pin- 
point source of electrons would have many advantages in the construction 
of complicated tubes. Focusing of the electron beam would be simplified, 
and much complicated tube construction would be eliminated. By remov- 
ing the most serious limitations of the ordinary electronic tube, this dis- 
covery in semiconductors might give a new lease on life to the very de- 
vice which semiconductors seem destined to outmode. 


—from WESTINGHOUSE ENGINEER 
November, 1959 
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‘Re PROBLEM OF atmospheric penetration arises 
for any vehicle which approaches a planetary at- 
mosphere and for which physical recovery or sur- 
vival is desired at the planetary surface. This in- 
cludes a gamut of possibilities from simple sound- 
ing rockets to manned vehicles returning from in- 
terplanetary trips. Several types of atmospheric en- 
try are illustrated in Figure 1. 

The approach to a planet from space is presumed 
to involve the classical technique of first getting the 
vehicle into the planet’s solar orbit and then “fall- 
ing” into the planet. The approach velocity is, then, 
essentially the escape velocity of the planet—cor- 
responding to a parabolic orbit. (In the vicinity of 
the earth, the escape velocity is about 37,000 ft/sec; 
a highly eccentric elliptical orbit, such as a circum- 
lunar orbit, involves a velocity almost as high— 
about 35,000 ft/sec.) It is expected that rather pre- 
cise control of velocity and direction would be re- 
quired to obtain a hit or a near-miss. A direct hit 
would involve an entry path similar to the ballistic 
rocket—but with a higher initial velocity. A more 
gradual descent can be accomplished by either a 
tangential shallow entry or by first maneuvering 
into a satellite orbit and then descending. 


BALLISTIC ROCKET 


BOOST GLIDE ROCKET 


Figure 1—Various types of atmospheric entry. 


Although the heating and deceleration accom- 
panying atmospheric entry bring about severe de- 
sign problems, the presence of a planetary atmos- 
phere is advantageous in that it acts as a cushion 
to reduce a space vehicle’s velocity to a safe land- 
ing speed. Otherwise, one would be forced to the 
costly expedient of rocket braking. Landing on the 
moon, which has effectively no atmosphere, requires 
an appreciable portion of the vehicle’s weight to be 
allocated to a braking rocket. Landing on a planet 
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with an atmosphere requires a clever approach shot, 
a surface-cooling scheme, and/or a clever aerody- 
namic design. 


CHARACTERISTICS OF ATMOSPHERIC PENETRATION 


A body approaching a planetary atmosphere pos- 
sesses a large amount of energy—potential energy 
because of its position above the planet’s surface 
and kinetic energy because of its velocity. In most 
cases, the kinetic form predominates. A satellite in 
a circular orbit at 200 mi altitude possesses a kinetic 
energy of about 13,000 Btu/lb. An interplanetary 
vehicle approaching the earth possesses a kinetic 
energy of about 26,000 Btu/lb. That these energies 
are not negligible is illustrated by comparison with 
the energy required to vaporize water, 1000 Btu/Ib, 
and to vaporize carbon, 25,000 Btu/Ib. The latter is 
among the highest heats of vaporization of known 
materials. 


One of the problems of atmospheric penetration is 
to convert this energy into a form that will not prove 
disastrous to the vehicle, either during penetration 
or on landing. If all of the body’s potential and 
kinetic energy were converted into thermal energy 
within the body itself, it would be more than suf- 
ficient to vaporize the entire body, unless the body 
were entirely constructed of some material such as 
carbon. The survival of meteorites, however, is an 
obvious indication that not all of the energy goes 
into the body. 

Actually, the body’s initial energy is transformed, 
through the mechanism of gasdynamic drag, into 
thermal energy in the air around the body, and only 
part of this energy is transferred to the body as heat. 
The fraction of the original energy that appears as 
heat in the body depends upon the characteristics 
of the flow around the body. 

Before entry into a planetary atmosphere, a body’s 
motion is governed only by the principles of celestial 
mechanics; i.e., its motion is governed only by its 
own inertia and by gravitational forces. However, 
such motion is modified when the vehicle enters the 
outer fringes of a planetary atmosphere. In the rare- 
fied upper atmosphere where the molecular mean 
free path is large compared with the body size, the 
flow is of the so-called free-molecular type and a 
gasdynamic drag force begins to act in a direction 
opposite to the vehicle’s motion. In the free-molecule 
flow region, appreciable lift forces (i.e., forces nor- 
mal to the direction of motion) are not attained (at 
velocities of the orbital or escape magnitude). In 
the denser lower atmosphere, where the flow is of 
the continuum type, both lift and drag forces affect 
the vehicle’s motion. 


The effects accompanying atmospheric entry that 
are manifested in the vehicle are a reduction in 
velocity accompanied by appreciable deceleration 
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loads and by appreciable heating rates. The de- 
celeration, and consequent velocity reduction, is due 
to aerodynamic drag, which varies with air density 
(p) and the square of the vehicle velocity (u’*): 


Deceleration ~ pu” 


Now, as the vehicle approaches the planet it first 
encounters an atmosphere of very low density. As 
it penetrates further, the density increases rapidly; 
and, due to drag, the velocity begins to decrease. 
Thus the deceleration is the product of two quan- 
tities, one increasing and the other decreasing. Ini- 
tially, the deceleration increases; however, at some 
point, the velocity begins to decrease more rapidly 
than the density increases, resulting in a maximum 
deceleration with subsequent decreasing decelera- 
tion in most cases. This is illustrated in Figure 2. 
For entry from space, these decelerations may be 
very appreciable; for example, entry at right an- 
gles into the earth’s atmosphere at escape velocity 
involves a maximum deceleration of over 300g. 
Gasdynamic heating of the vehicle surface dur- 
ing entry varies in a somewhat similiar fashion. The 
heating rate varies approximately with the atmos- 
pheric density and the cube of the vehicle velocity: 
Heating rate~ pu’ 
Here, also, the increasing density and decreasing 
velocity during entry interact to produce a maxi- 
mum heating rate. This is also illustrated in Figure 


~pu ~pu 


ALTITUDE 


OENSITY, VELOCITY, u OECELERATION HEATING RATE 


Figure 2—Changes during atmospheric entry. 


These expressions indicate that both deceleration 
and heating are most severe when there is a com- 
bination of high atmospheric density and high ve- 
hicle velocity, i.e., when high velocities are allowed 
to persist to low altitudes. 

The way in which velocity changes with altitude 
during entry, the deceleration forces, and the sur- 
face heating rates depend upon several factors: 


1. Atmospheric approach (Figure 3) 
Velocity of approach, wu; 
Angle of approach, 6 

2. Vehicle characteristics (Figure 4) 


W 
Mass-drag ratio, C,A. (W=mass, C,=drag 


coefficient, A.—frontal area) 


3 
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3. Atmospheric characteristics (Figure 5) 
Surface density, psi 
Density variation with altitude, p=f(h) 


The velocity and angle of atmospheric approach, 
illustrated in Figure 3, are primary factors in de- 
termining the severity of the entry deceleration and 
heating. As indicated previously, combinations of 
high velocity and low altitude produce the most 
severe entry conditions. These are most apt to occur 

u, S INITIAL ENTRY VELOCITY when the initial velocity is high or when the entry 

@ © PATH ANGLE (WITH LOCAL HORIZONTAL) is perpendicular (6=90 deg). On the other hand, a 

“hs ALTITUDE : lower initial velocity or a shallow entry angle tends 

to restrict higher velocities to higher altitudes. The 

initial entry velocity is determined by the planet’s 

gravitational characteristics and by the type of en- 

try, i.e., from satellite orbit, directly from space, etc. 

Since usually one is not able to choose the initial 

entry velocity (except by rocket braking), adjust- 

0. SLENDER, LOW-DRAG BODY ment of the angle is one means of reducing the 

severity of entry. Effectively, high velocities can be 

restricted to the upper atmosphere either by a low- 

ered initial velocity or by a shallow entry-angle so 

that deceleration takes place high in the atmosphere. 

Similarly, deceleration high in the atmosphere can 

peor be effected by the use of a body having a small 

mass-drag ratio and/or some aerodynamic lift. A 

reduced mass per unit drag allows deceleration in 

the less dense region of the atmosphere, while aero- 

dynamic lift decreases the rate of descent and, thus, 

¢. LIFTING BODY allows time for deceleration high in the atmosphere. 

For example, the slender body shown in Figure 4 (a) 

has a high mass-drag ratio and would penetrate (at 

Figure 4—Aerodynamic forces on various bodies. high velocity) further into the atmosphere than the 

blunt body with a low mass-drag ratio illustrated in 

Figure 4(b). If the latter body is oriented in the 

position shown in Figure 4(c), a lift force would be 

developed which would force it into a more shallow 

path and hence restrict deceleration to a high alti- 
tude. 

The physical and chemical characteristics of the 
planetary atmosphere also determine the entry char- 
acteristics. For a first approximation to the gasdy- 
namic forces and heating, a knowledge of the den- 
sity variation in the atmosphere is sufficient. For 
pea hd hydrostatic equilibrium in an isothermal atmos- 

phere, it can be shown that the atmospheric density 
at altitude, in ratio to the sea-level density, is given 
by 


Figure 3—Entry into a planetary atmosphere. 


p 
=e-ah 
o= e 


where e is the base of natural logarithms, h is alti- 
tude, and a is a coefficient dependent upon the tem- 
© 50 100 180 200 280 300 perature and composition of the atmosphere. This 
ALTITUDE, KFT equation indicates that the density decreases ex- 

Figure 5—Density variation in planetary atmospheres. ponentially as the altitude increases. While the plan- 
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etary atmospheres are far from isothermal, an ex- 
pression of this type represents the earth’s atmos- 
phere reasonably well. The approximate density 
variation in the earth’s atmosphere and the esti- 
mated density variation in the atmospheres of Venus 
and Mars are shown in Figure 5.1 The atmosphere 
of Venus, estimated to consist of about 10 per cent 
nitrogen and 90 per cent carbon dioxide, is some- 
what more dense than the earth’s atmosphere but 
‘varies in a similar way with altitude. The atmos- 
phere of Mars, estimated as about 95 per cent nitro- 
gen and 5 per cent carbon dioxide, is appreciably 
less dense at sea level but varies much more grad- 
ually with altitude and is actually more dense at 
high altitudes. The more gradual density variation 
in the Martian atmosphere effectively makes it 
“softer” and consequently reduces the severity of 
entry. 


DYNAMICS OF ATMOSPHERIC PENETRATION 


As illustrated in Figure 1, there are three general 
types of atmospheric penetration: 

1. Relatively steep descent path, characteristic of 
direct entry from space, “dump” from a satellite or- 
bit, and re-entry of a ballistic rocket. 

2. More gradual descent path, characteristic of a 
satellite orbit decay. 


3. Very gradual descent, characteristic of a boost- 
- rocket or a lifting descent from a satellite or- 

it. 

While the equations of motion for atmospheric 
penetration require a numerical or machine com- 
putation for exact solution, approximate analytic 
solutions are possible for the three cases listed above 
and have been described elsewhere.' 

Direct Entry. For the case of a relatively steep 
(9>5 deg) direct entry on a linear path, a simple 
approximate solution may be obtained for a non- 
lifting vehicle. If the gravitational force is neglected 
in comparison to the decelerating aerodynamic 
force, if the atmosphere is assumed isothermal, and 
if the drag coefficient is assumed constant, the ve- 
locity variation is given by”*:*° 


Comparison of this approximate equation with the 
results of exact machine computations indicates 
good agreement for cases where the entry angle is 
greater than about 5 deg and in the velocity range 
where deceleration loads and gasdynamic heating 
are important considerations. (For small entry an- 
gles, Cases 2 and 3 above, other approximations ap- 
ply.) After the major deceleration has occurred, the 
vehicle’s path bends over into a vertical descent; 
and the velocity is essentially a local terminal-fall 
velocity. 
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ALTITUDE, KFT 


Figure 6—Velocity variation during direct penetration of 
the earth’s atmosphere. 


Figure 6 illustrates the velocity variation with 
altitude for direct penetration of the earth atmos- 
phere (a=4.15X10~ per ft) for several values of the 


CyA, pst 
drag-mass-angle parameter, W sin 0 2a 
One interesting facet of these results is that the ma- 
jor deceleration of the body takes place in a stratum 
of the atmosphere of constant thickness. The level 
of this stratum in the atmosphere is, however, de- 
pendent upon the value of the drag-mass-angle par- 
ameter. Large values of this parameter cause de- 
celeration high in the atmosphere, while smaller 
values delay deceleration until the lower atmos- 
phere is reached. Thus the use of a high-drag, light 
body at a small entry angle enables deceleration at 
high altitudes. Since severe deceleration loads and 
gasdynamic heating rates occur when high veloci- 
ties persist down to low altitudes, the use of a light, 
high-drag body at a shallow entry appears advan- 
tageous. 

The deceleration during a relatively direct atmos- 
pheric penetration is found to rise to a maximum 
value and then decrease during descent (see Figure 
2). The maximum value of the deceleration occurs 
when the velocity has been reduced to about 61 per 


cent of its initial value. 


Uji e 


The maximum deceleration is 


du au;*sin§ 


It is interesting to note that the maximum decelera- 
tion during direct entry is independent of the drag- 
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mass characteristics of the body. It is dependent only 
upon the path angle, the initial velocity, and the at- 
mospheric characteristics. For a given entry veloc- 
ity, entry angle, and atmosphere, the maximum de- 
celeration is independent of the body characteris- 
tics; however, the altitude of maximum deceleration 
is dependent upon the mass-drag characteristics of 
the body. 


10 20 100 200 300 400 
VELOCITY, KFT /SEC OECELERATION, g's 


Figure 7—Velocity and deceleration during direct entry 
into the earth’s atmosphere from space at various angles 
W/(CrvA.)=10 Ib/sq ft. 


Figure 7 illustrates the effect of entry angle on 
the variation of velocity and deceleration during 
penetration of the earth’s atmosphere from space by 
a body having the mass-drag characteristics of the 
Vanguard scientific satellite (W=21.5 Ib, diameter 


W 
=20 in., 
0 in 


angle is seen to result in deceleration higher in the 
atmosphere and a smaller peak deceleration. If a 
lighter body were used at these entry angles, these 
curves would be shifted to higher altitudes. A heav- 
ier body would result in a shift to lower altitudes. 


The variation of velocity and deceleration of the 
same body is shown in Figure 8 for vertical pene- 
tration of the atmospheres of Venus, Earth, and 
Mars.' The different gravitational attraction ac- 
counts for the different initial velocities. The effect 
of atmospheric density variation is apparent in the 
shape and position of the curves. The more dense 
atmosphere of Venus results in deceleration at a 
higher altitude; however, the velocity variation with 
altitude and the maximum deceleration is about the 
same as for Earth because of the similar density 
variation (see Figure 5). However, the more grad- 
ual variation of density in the Martian atmosphere 
results in a more gradual variation of velocity with 
altitude and a lower peak deceleration. 

Orbit Decay. In the case of the more gradual de- 
scent path characteristic of the decay of a satellite 
orbit (see Figure 1), the assumptions used in the 
previous section are no longer applicable. The path 


= 10 lb/sq ft). The smaller entry 
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Figure 8—Velocity and deceleration during direct entry 
from space at §=90 into three planetary atmospheres 
X/(CyA.)/=10 Ib/sq ft. 


is far from linear, and the path angle changes dur- 
ing descent. In the region of appreciable decelera- 
tion and heating, the path angle is of the order of 
3-4 deg. An approximate analytic solution for this 
case’ yields results somewhat similar to those for 
direct entry in that the altitude of deceleration in 
the atmosphere is dependent upon the mass-drag 
characteristics of the body and the maximum de- 
celeration is independent of these characteristics. 
Velocity variation with altitude is shown in Figure 


9, with i ‘as parameter. (The path angle does 
not appear in this parameter since it cannot be 
specified and since it varies during descent—it is 
an output from rather than an input to the prob- 
lem.) The deceleration varies in a somewhat similar 
manner to that in the previous case, rising to a 
maximum and then falling off. Here the maximum 
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Figure 9—Velocity variation during penetration of the 
earth’s atmosphere by orbital decay. 
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deceleration occurs when the velocity has been re- 
duced to 


=0.53 
Uji 


and has a relatively low value because of the low 
path angle. For example, the decay from a circular 
saicilite orbit into the earth’s atmosphere involves a 
maximum deceleration of about 9g. 

It should, perhaps, be emphasized that the orbital 
decay described here refers to the last stage of de- 
cay where heating and deceleration are apprecia- 
ble—about the last 2000 miles and last few minutes 
of the satellite lifetime. This phase is preceded by a 
much longer period, many revolutions, in which the 
satellite orbit gradually decays. This initial phase of 
decay consists of an extremely gradual spiral dur- 
ing which the orbit becomes more circular. The rate 
of energy loss by the vehicle due to aerodynamic 
drag is small enough so that the vehicle’s kinetic 
energy and potential energy adjust themselves to a 
momnientary “equilibrium” orbit. In this process, the 
potential energy decreases and the kinetic energy 
increases—with a net decrease in total energy. Thus 
the satellite’s velocity actually increases in the ini- 
tial phases of orbital decay. 

Lifting Descent. A lifting descent involves a still 
more gradual atmospheric penetration (see Figure 
1). Here again, the path angle adjusts itself to the 
forces acting on the vehicle and turns out to be 
quite small—of the order of a few tenths of a de- 
gree. The velocity variation with altitude, as indi- 
cated by an approximate analytic solution,’ is shown 
in Figure 10(a) as a function of a lift-mass param- 


LCA, 


eter 


, which is related to the drag- 


mass parameter by the lift-drag ratio, L/D. It is seen 
that here again the level of deceleration in the at- 
mosphere is determined only by the mass and aero- 
dynamic-force characteristics of the body. In this 
case, however, the deceleration does not go through 
a maximum value, but asymptotically approaches a 


value 
(- du 


Since aerodynamic shapes with lift-drag ratios as 
high as five appear feasible, it is clear that relatively 
small decelerations can be obtained in a lifting de- 
scent. 

Comparisons. In comparing the three types of at- 
mospheric penetration just discussed, it is neces- 
sary to keep in mind the fact that the more gradual 
descents involve longer times and greater ranges 
than a steeper descent (see Figure 1). For example, 
descent through the “Corridor of Continuous 
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Figure 10(a)—Velocity variation during penetration of the 
earth’s atmosphere by a lifting vehicle. 


10(b)—Velocity variation with altitude for three types of 
atmospheric penetration. 


Flight’”® can be accomplished by the three types of 
penetration described with essentially the same 
velocity-altitude variation, as shown in Figure 
10(b). However, the direct descent would involve a 
distance of only up to a few hundred miles and 
about one half minute. The orbital decay might in- 
volve a range of about 2000 miles and 5 or 10 min- 
utes. The lifting descent would extend over 5000 to 
10,000 miles and about two hours. A gradual descent 
involves velocity reduction and consequent energy 
dissipation over a long period of time. Thus de- 
celeration loads and aerodynamic heating rates are 
reduced by lengthening the time of deceleration. 


HEATING DURING ATMOSPHERIC PENETRATION 


As described earlier, the reduction of the vehicle’s 
kinetic and potential energy during descent is ac- 
companied by an increase in thermal energy in the 
surrounding air, some of which is transferred to the 
vehicle’s surface. Now the fraction of the vehicle’s 
lost kinetic and potential energy which reaches the 
vehicle surface as heat is of primary concern to the 
designer. This fraction, or conversion efficiency, de- 
pends upon the vehicle’s shape and on its velocity 
and altitude—and ultimately on the mechanism of 
heat transfer between the hot gas and the vehicle 
surface. At very high altitudes, in the free molecule 
flow regime, where the heat energy is developed di- 
rectly at the vehicle’s surface, as much as one half 
of the vehicle’s lost energy can appear as heat in the 
body. At lower altitudes, in the continuum flow re- 
gime, thermal energy appears in the air between 
the shock wave and the body. Heat is transferred 
from this hot air to the body by conduction and 
convection through a viscous boundary layer; radi- 
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ation from the hot gas may also contribute appreci- 
ably to the surface heating. ; 

The rate of change of the vehicle’s kinetic energy 
per unit mass is 

u* 
1 

The portion of this reaching the body as heat, i.e., 
the heating rate per unit mass, can be expressed as, 
approximately, 


u* 


=CycAonr 

where C,,, is a dimensionless heat-transfer coeffi- 
cient (Stanton number) based on frontal area Av, 
and nr is the recovery factor. Ratioing these two 
equations gives the instantaneous “efficiency” of 
converting the vehicle’s kinetic energy to heat en- 
ergy in the body. 


f= Crone 


Cp 


The value of this conversion fraction f depends upon 
the heat-transfer mechanism, the velocity, the alti- 
tude, and the vehicle’s geometry. A typical variation 
of f for a relatively blunt body at a velocity of 35,- 
000 ft/sec at various altitudes is shown in Figure 11. 
It is seen to vary from % at very high altitudes 
down to about 0.01 at 100,000 ft. At still lower alti- 
tudes it increases again due to a turbulent boun- 
dary-layer condition and to appreciable radiation 
from the hot gas. At a lower velocity, e.g., satellite 
velocity, the radiation contribution becomes small 
and can usually be neglected. 
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Figure 11—Conversion efficiency (kinetic to thermal en- 
ergy) as a function of altitude. 


The maximum heating rate, for the several types 
of penetration described in the previous section, 
occurs when the velocity has been reduced to about 
85 per cent of the initial velocity. The peak heating 
rate, therefore, occurs before the point of maximum 
deceleration load. 


The surface heating rate is dependent both upon 
the rate of reduction of the vehicle’s kinetic energy 
and upon the conversion efficiency. At high alti- 
tudes where, although f is high, the rate of energy 
reduction is low, the heating rates will be low. Simi- 
larly, at moderate altitudes, where f is low, the rate 
of energy reduction is high and high surface heating 
rates will occur. 

The total heat input to the body during atmos- 
pheric penetration is obtained by integrating the 
heating rate over the time of descent. If the con- 
version factor f were constant, the total heat load 
would be independent of the type of entry, since a 
given fraction of the body’s initial energy would be 
converted into heat in the body. However, the ac- 
tual variation of f (Figure 11) allows one to mini- 
mize the total heating by positioning the maximum 
rate of energy reduction at the minimum value of f. 

If the heating rate is sufficiently low, it can be re- 
jected by radiation from the heated surface. This 
type of cooling is, of course, limited by the tempera- 
ture limitations of the surface material. When all of 
the incoming aerodynamic heating is rejected by 
thermal radiation from the surface, we may write 
a simple heat balance 


which says that the incoming heat from hot air sur- 
rounding the body is proportional to the surface 
emissivity and the fourth power of the surface tem- 
perature. This temperature is the so-called radiation 
equilibrium temperature, and serves as a convenient 
parameter for the expression of heating rates. In 
Table I the maximum heating rate, in terms of this 
radiation equilibrium temperature, is given for sev- 
eral types of penetration into the atmospheres of 
Venus, Earth, and Mars for a body with a heated 
surface area twice its frontal area. In some cases, it 
is apparent that the temperatures are within the 
range of current materials. In other cases, the heat- 
ing. rates correspond to temperatures above the 
range of current materials. 

Whether it is desired to minimize the peak heating 
rate or to minimize the total heat load depends upon 
the penetration technique chosen. If one chooses to 
reject heat by thermal radiation, it is desirable to 
minimize heating rates and hence surface tempera- 
tures. On the other hand, if heat is being absorbed 
by a vaporizing surface, it is desirable to minimize 
the total heat load. These considerations are dis- 
cussed more completely in the next section. 
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TABLE I. 


Maximum heating rate experienced during various types of atmospheric pene- 


lb? 
tration for =10 
(Values expressed as equivalent radiation equilibrium temperature, deg R) 
Entry by 
decay from 


Direct at escape Direct entry at orbital satellite Entry of lifting vehicle 
Se velocity orbit at orbital velocity 


6—5° 20° 90° @=5° 20° 90° —= =1 2 5 


D 


Venus 4700 5500 6300 3600 4200 4900 3400 2300 2100 1900 
Earth 5000 5900 6800 3900 4600 5200 3600 2500 2300 2000 
Mars 2400 2800 3200 1900 2200 2500 1900 1500 1350 1200 

«Note that the maximum heating rate, unlike the maximum deceleration, is dependent on the 


mass-drag parameter. 


PENETRATION TECHNIQUES 

While a great variety of techniques for successful 
atmospheric penetration have been suggested, a 
synthesis of the principles outlined in the preceding 
sections suggests two general classes: 

1. The first involves the use of a vehicle having a 
relatively small mass-drag or mass-lift parameter, 
or a shallow entry path, so as to effect deceleration 
high in the atmosphere. In this case, the aerody- 
namic heating rates are low enough so that the heat 
may be rejected by thermal radiation from the ve- 
hicle surface. This corresponds to a descent through 
the Corridor of Continuous Flight,* since the descent 
is slow enough so that steady-state conditions ap- 
ply. Examples of this type of descent are the de- 
scent of a glide rocket, the orbital decay of a Van- 
guard satellite,’ or the direct entry from space of a 
relatively light, high-drag body. These three ex- 
amples involve successively greater deceleration 
loads—thus a manned descent would probably re- 


90 
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Figure 12—Approximate regions for various types of en- 
try from space. 
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Figure 13—Cooling-system weight requirements for direct 
entry from space at escape velocity. 


Ol 


quire either a lifting vehicle or a very shallow de- 
scent. 

2. The second general class involves the use of a 
vehicle whose mass-drag characteristics and entry 
path are adjusted so as to place the point of maxi- 
mum energy reduction at the point where the ef- 
ficiency of conversion of vehicle energy to surface 
heat is a minimum, ie., so the total heat load is 
minimized. In this case, the heat is adsorbed by the 
body surface. An example is the direct descent of an 
unmanned vehicle from space.* The technique of 
heat absorption may consist of a solid heat sink, 
internal cooling, or a vaporizing surface. This type 
of atmospheric penetration generally involves higher 
deceleration loads and is most applicable to un- 
manned vehicles. 

While it does not appear possible to specify the 
most desirable system of atmospheric penetration 
for a given mission without a detailed design study, 
one can indicate general areas of feasibility. For ex- 
ample, Figure 12 indicates a schematic estimate of 
the penetration systems applicable to various situa- 
tions. Here are plotted the entry angle and the mass- 
drag ratio. Small values of these variables yield 
relatively low heating rates and radiation cooling is 
feasible. Large entry angles and large mass-drag- 
ratios mean high heating rates (but lower total heat 
loads), and heat absorption schemes are applicable. 
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Thus the regions of radiation cooling and heat ab- 
sorption are indicated. Deceleration loads are pri- 
marily dependent upon entry angle (for a given en- 
try velocity). Manned descent is therefore restricted 
to the smaller angles. It will be noted that both radi- 
ation and heat absorption techniques are applicable 
to both manned and unmanned atmospheric pene- 
tration. 


One method of deciding which type of cooling 
scheme to use is the examination of the weight 
which must be charged to the solution of the heat- 
ing problem. This weight may be either that of a 
heat absorbing surface or the weight of drag brakes 
or lifting surfaces used to bring about the reduced 
heating rates characteristic of high-altitude decele- 
ration. Such cooling system weight, in ratio to to- 
tal weight, is shown in Figure 13 as a function of 
the mass-drag parameter. At low values of the mass- 
drag parameter (large, light bodies) weight is re- 
quired for drag brakes or lifting surfaces and sur- 
face heating is handled by radiation. At large values 
of the mass-drag parameter (small, heavy bodies) 
weight is required for heat absorption. The shape of 
the curve is seen to be somewhat similar to the con- 
version efficiency (Figure 11)—although here two 
minimums appear. One minimum weight corre- 
sponds to the point where f is a minimum, i.e., 
where the sum of the convective and radiative heat- 
ing is a minimum. The other minimum corresponds 
to the point where the mass-drag parameter is just 


small enough so that radiative cooling is possible 
and yet not large enough to require a large weight 
in drag brakes or lifting surfaces. 
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The British Admiralty are investigating several applications of epoxide 
resins on board their latest aircraft carriers. Epoxide coatings are being 
tried on an experimental basis for shaft brackets and rudders, boottoping 
areas and, in conjunction with cathodic protection, for outer bottom 
coatings. After shotblasting of steel structural materials, epoxide coatings 
are being employed as temporary protectives, and laminates of epoxide 
resin and fiber glass are being considered for underwater sonar domes. 
These new resins have certain important advantages compared with 
the widely used polyester resins, which are becoming increasingly ap- 
preciated in the shipbuilding industry. Epoxide resins are essentially 
100 per cent reactive; that is, they contain no volatile solvents to be 
dissipated during curing. This means that they can be used for bonding 
together non-porous surfaces which do not allow the escape of solvent. 
This characteristic explains basically why epoxides make the best adhesives 
known today. 


—From SHIPBUILDING EQUIPMENT 
September 1959 
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MISSILES AND ROCKETS OF THE UNITED STATES ARMED FORCES 


motor 


Weight Speed 
(Pounds) | (mph) Propellant & 
NAVY (approx) | (approx) Motor Guidance System 
Surface-to-Air 
TERRIER 3,000 super Solid fuel rocket Beam-riding 
sonic motor guidance by radar 
TALos 3,000 super Solid propellant Mechanical device 
sonic rocket booster inside weapon and 
Ram-jet 40,000 hp | proximity fuse 
engine Rides Radar beam 
TARTAR super Dual thrust solid (Junior version of 
sonic propellant rocket | the Terrier) 


Surface-to-Surface 


REGULUS 


7 tons 


Turbojet engine 
with solid pro- 
pellant booster 


Electronic brain 


Recutus II’ Turbojet engine Electronic brain 
Improved version 
of Regulus I 
Potaris (FBM) hyper 2-stage solid Inertial 
sonic propellant rocket (Equivalent to Ju- 
piter in Fleet Mis- 
sile system) 
Susroc’ Rocket propelled 
Air-to-Surface 
PETREL* 3,800 Turbojet engine Radar homing de- 
vice. No longer 
produce: 
BuLLpuP 570 super Solid propellant Command (Radio 
sonic | rocket _ | signals) 
Corvus Liquid rocket 
Air-to-Air 
SIDEWINDER 155 super Solid propellant Infrared or heat 
sonic _ rocket seeking device 
Smwewrnper, IC 
Sparrow I 300 1,500 Solid propellant Radar beam 
rocket motor 
Sparrow II 
Sparrow III 380 1,500 Solid propellant Electronic con- 
rocket trolled homing 


(air-to-surface) 


GIMLET 


EAGLE 
Rockets 
WEAPON ABLE 500 Rocket propelled 
(surface-to- 
underwater) 
Rat’ 480 Rocket propelled 
Hvar’ 140 | 1,500 ft. Rocket solid 
(air-to-air) per sec. propellant 
ZUNI 107 Solid propellant 


1Or underwater-to-underwater. 
2Out of production or cancelled. ‘i 
Copyright 1959 by the Society of American Military Engineers. Reprinted by permission from Nov.-Dec. 1959 issue of “The Military Engineer.’ 
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: AIM of this paper is to acquaint the reader 
with the background of and accomplishments in the 
field of water entry. The survey will review the 
essential tools which are at the disposal of the de- 
signer, emphasizing the principles on which our 
present day techniques are based and their applica- 
tions. Attention will be directed to papers of gen- 
eral interest, study of which might prove to be 
alleviatory regarding the reading of the well over 
two hundred publications in this field, many redis- 
covering a few basic principles. 


Upon defining our technical subject and listing 
fields of applications, current theories and applic- 
able physical principles are described. This sum- 
marizing part of the paper is followed by general 
comments regarding experimentations and design 
applications. A short literature survey is attached, 
which is divided into two major parts. First, papers 
of general interest are mentioned. This is followed 
by a review of the most significant publications re- 
lated to seaplane landing, torpedo entry and ship 
slamming. A discussion of experimental papers con- 
cludes the literature survey. The last part of this 
review describes the present state of the art, points 
out fruitful areas of further work, and gives appli- 
cations to missile and space technology. 


IMPACT THEORIES AND ASSOCIATED PHYSICAL 
PRINCIPLES 


Hydrodynamic impact refers to the early stages 
of the entry of a body into water. Maximum forces 
are developed very shortly following contact with 
the free surface of the water. These early stages are 
of utmost importance for the underwater trajectory 
of missiles, for the structural design of the outer 
skin, of the supporting structure, and of the interior 
{deceleration-sensitive) payload. The designer 
needs hydrodynamic impact information in connec- 
tion with seaplane landing, missile and torpedo en- 
try, surface ship and seaplane seaworthiness, just to 
mention the most frequent fields of application. Hy- 
drodynamic principles used in analyzing problems 
of naval ballistics, seaplane impact and wave effects 
on ships or on stable structures are closely related. 
With the exception of the important problem of 
very high velocity impact (when the compressibili- 
ty effects of the water become prominent), the un- 
derlying theory is the so-called incompressible free 
surface potential flow theory, and the solution of 
the various problems may be reduced to the de- 
termination of variable virtual masses associated 
with the entering bodies. 

The generally accepted method of introducing the 
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problem (and its solution for the simplest case) is 
as follows. Consider a body of mass M arriving at 
the horizontal water surface with a velocity v, 
normal to this surface, and compute the force act- 
ing on the body as it penetrates the water surface. 
The momentum conservation principle requires that 
the system consisting of the body and water pre- 
serve its total momentum. The momentum at the 
instant the body touches the surface is Mv,. During 
penetration the velocity of the body is reduced 
(v<v,) and its mass is increased due to the inertia 
of the water moving with it. This apparent increase 
of mass (m) is called the “momentum virtual mass” 
or “impact induced mass” and the momentum equa- 
tion can be written as Mv,=(M+m)v. This equa- 
tion is modified if external forces, such as gravity, 
lift, buoyancy, friction, etc., are expected to be sig- 
nificant. As the penetration proceeds, the geometry 
of the submerged portion of the body changes, 
therefore m is not constant. The impact force at any 


instant is ~Mv=—vun (1+m/M)? or =+ 


mv); both of these qualities are obtainable from the 
momentum conservation equation. The equations 
show that the force is determined by the instan- 
taneous value of m and by its time derivative. 
Knowledge of the variable virtual mass is essential 
and besides obvious modifications for elastic effects 
(elasticity of the body and compressibility of the 
water), external forces, non-perpendicular impact, 
etc., the solution of the problem depends on correct 
estimates regarding m. 

At this point a mathematical formulation of the 
problem might be advantageous for two reasons: 
(1) The determination of the virtual mass is a well- 
known problem in potential flow and (2) the above 
formulation of the problem will give the impact 
force, deceleration and average pressure at any in- 
stant during impact but it will not furnish the pres- 
sure distribution on the body. 

If viscosity and compressibility effects are neg- 
lected and the fluid motion is started from rest, the 
flow will be described by a potential function (¢) 
satisfying the Laplace equation. The boundary con- 
ditions complicate the problem by nonlinearities 
and time effects since the requirement of constant 
pressure on the free surface of the water is satisfied 
if, according to the Bernoulli equation, (grad ¢)*= 
20~/et. Therefore the mathematical problem is find- 
ing the solution to an unsteady potential flow in- 
volving nonlinear boundary condition, with the 
boundary shape (free surface) to be determined as 
part of the problem itself. This problem is extreme- 
ly difficult and only few solutions exist for special 
cases. If the impact occurs in a very short time and 
therefore it can be considered an impulse, and if 
the deformation of the free surface is neglected, the 
boundary condition becomes »=0, to be satisfied on 
the original, undisturbed, free surface. This fact is 
the explanation for lens, ellipsoid, double wedge, 
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etc. solutions which when applied to impact prob- 
lems use the symmetry property offered by the 
~=0 line or surface. Upon obtaining the solution to 
the simplified problem, one can find the piled up 
water (or wetting) correction and the free surface 
correction by integrating relative to time the verti- 
cal velocities of the surface particles. The problem, 
therefore, is reduced to substituting for the entered 
part of the body by a shape for which the potential 
flow is either known or can be found. The body 
which replaces the entering object changes its shape 
also, since at every instance its symmetry plane 
must be the undisturbed free surface. 

The above incompressible potential flow consid- 
erations are not applicable to the entry of blunt 
bodies at high speed since the occurring phenome- 
non is dominated by compressibility effects. Accord- 
ing to an approximate theory the trapped pressure 
wave (p=pcv) is responsible for the impact pres- 
sure (p) at the impact region. The large pressure is 
released when and where the local flow velocity 
(which depends on the shape and on the impact ve- 
locity, v) is smaller than the wave velocity (c). 
From this it follows that the applicability of com- 
pressibility flow considerations depends both on the 
impact velocity and on the shape of the “nose sec- 
tion.” 


EXPERIMENTAL VERIFICATION AND DESIGN 
APPLICATIONS 


If the reader feels that the analytical aspects of 
hydrodynamic impact are not semplice, he will find 
that laboratory or full-scale verifications are prob- 
ably even more complex. The major impact test 
facilities are associated with the NASA, Langley 
Field, Va. (seaplanes), Naval Ordnance Test Sta- 
tion, Inyokern, Cal. (torpedoes), David Taylor 
Model Basin, Carderock, Md. (ships), and Naval 
Ordnance Laboratory, White Oaks, Md. (missile 
and ordnance components). Tests performed in 
other facilities will be mentioned in our literature 
survey. 

The main purposes of experimentation are to 
obtain motion, load and structural information. 
Measuring the impact force or deceleration during 
entry is a formidable instrumentation problem, 
since frequency response, resolution, and structural 
deformation effects can significantly influence the 
results. Measurement of the pressure distribution, 
which is of real importance to the designer, is even 
more difficult and so is the experimental determina- 
tion of spray and piled up water surface. It is not 
entirely incomprehensible that a well-performed 
theoretical analysis might be more reliable than 
experimental results. In fact, experimental results 
often show larger spread than different theoretical 
approaches—to the enjoyment of the participants of 
the eternal affaire d’honneur. 

Hydrodynamic impact calculations can be used 
with the greatest confidence in connection with sea- 
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plane design. The enormous amount of carefully 
performed experimental and theoretical work by 
the NASA resulted in much useful design informa- 
tion. In the field of missile and torpedo entry the 
progress shown is equally impressive, although 
some valuable papers may not have received wide 
distribution due to classification. High-speed entry, 
unusual shapes and conditions require intuition 
and no immediately applicable design information 
exists. Regarding impact of floating (ships) and 
fixed (e.g. Texas towers) water structures, work 
began about five years ago. 


LITERATURE SURVEY 


General Concepts 

Since von Karman’s (1) fundamental paper (a 
small but typical feather in his cap) on the subject, 
only few basically new physical concepts have ap- 
peared in the literature. The recognition of the im- 
portance of the role of the virtual mass and the use 
of the momentum conservation principle are clear- 
ly stated in his 1929 paper, together with a sugges- 
tion regarding compressibility effects. While von 
Karman’s paper was the first, mathematical details 
came with Wagner’s (2) work published three 
years later. The basic idea of the mathematical 
treatment proposed by Wagner can still be recog- 
nized in recent papers. In his somewhat difficult-to- 
read publication he solved the impact problem of 
the two-dimensional symmetric wedge of small 
deadrise angle, discussed the concept of similarity 
solution, computed the piled up water surface, the 
pressure distribution, spray thickness, gave the 
equation of a constant force bottom and introduced 
a deadrise angle correction factor. It can be stated 
without exaggeration that von Karman’s physical 
picture and Wagner’s mathematical treatment are 
still valid and useful, and form the basis of most 
later papers. It is interesting to note for example 
that Sedov (3), Monaghan (4) and Bisplinghoff (5) 
gave solutions for the large deadrise angle wedge 
problem which solutions agree better in some re- 
spects with Wagner’s half-intuition half-analytical 
work than with experimental results (5, 6). The 
great variety of correction factors are reviewed by 
Monaghan (7). Three-dimensional effects are 
handled (by using aspect-ratio correction factors) 
by Crewe (8), Pabst (9) and Yu (10), the latter 
less known, nevertheless strongly recommended. 
Pabst’s work is known and quoted in the literature 
because of his aspect-ratio factor; his sound con- 
siderations of elastic effects also deserve attention. 

Outstanding theoretical contributions were made 
by Shiffman and Spencer (11, 12) in a series of 
papers treating sphere and cone impact, replacing 
the first by a lens, the second by an ellipsoid. Their 
clarification of the virtual mass concept as applied 
to impact is of importance. Similarity solutions 
originated by Wagner (2) are revived by them and 


also by Cooper (13). Trilling’s (14) linearized solu- 
tion allows for impact at an arbitrary angle. Pierson 
(15) investigates details of the spray root and 
Schnitzer (16) suggests an approximate method 
for computing the pressure distribution on impact- 
ing elliptic cylinders. Fabula (17) discusses the 
ellipse fitting method for two-dimensional impact, 
filling an abvious gap with his careful analysis. 
Weible’s (18) summary of theoretical and experi- 
mental work related to a variety of body shapes, 
with careful and critical use, might aid the de- 
signer. 

Almost all theoretical papers mentioned above 
summarize previous accomplishments and show 
how the work fits into the whole and how it is re- 
lated to other papers. Nonetheless no comprehen- 
sive and detailed critical review of the theoretical 
work is known to this writer. 


SPECIAL SUBJECTS 


1. Seaplane landing 

Some of the aforementioned references by Mona- 
ghan, Pabst, and Schnitzer are closely related to 
seaplane landing problems. Comprehensive treat- 
ments directly applicable to design problems are 
offered by Korvin-Kroukovsky (19), Kreps (20) 
who summarized correction factors, gravity, and 
frictional effects, by Mayo (21), and by Milwitzky 
(22), just to mention a few. Mayo’s excellent re- 
view points out that if the impact velocity has a 
component along the keel, then momentum will be 
lost to the downwash behind the float and therefore 
momentum conservation is to be satisfied between 
the body, its virtual mass and the downwash. This 
generalization of the momentum conservation prin- 
ciple is missing in Wagner’s work and might be 
considered a significant contribution, and differen- 
tiates between the classical two-dimensional ap- 
proach and the practical three-dimensional problem. 
Milwitzky treats the problems of hydrodynamic 
load, motion and pitching moment, and studies the 
effect of weight, deadrise angle, trim angle, flight 
path angle, and of initial velocity. The introduction 
of an “approach parameter” facilitates the forma- 
tion of a comprehensive and useful method. In spite 
of the advances made by workers in the field of 
seaplane landing theory, not enough design infor- 
mation exists today for large beam loadings and the 
consequent maximum-load-reducing effect of chine 
immersion. 


2. Torpedo entry 

Several of the aforementioned publications are 
applicable to torpedo and missile water entry (11, 
12, 13, 14, 18); nevertheless, attenticn is called to 
specialized articles discussing the rigid body dy- 
namics (whip) and other characteristic aspects of 
torpedo impact. A series of NAVORD-NOTS re- 
ports (23) are of considerable interest, along with 
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a series of papers presented at the NOL Water En- 
try Symposium (24). The hydrodynamic phenom- 
ena and scaling laws associated with cavity forma- 
tion at later stages of water entry are discussed by 
Birkhoff (25). 

3. Ship slamming 


Impact of the forebody of ships and boats in 
waves is called slamming. The top speed of surface 
vessels is not limited by the available horsepower 
but by the heavy sea behavior of ships since struc- 
tural damage is often caused by the hull-wave in- 
teraction. Inasmuch as hydrodynamic impact (slam- 
ming) is the factor which prevents arbitrary speed 
increase in waves, its military significance is ob- 
vious. Szebehely (26, 27) and associates (28) con- 
tributed a series of theoretical and experimental 
papers establishing the hydrodynamic foundations. 
Thorough and significant experimental work was 
reported by Akita (29) and Ochi (30) studying 
ship form parameters influencing the slamming be- 
havior and related structural problems. The effects 
of regular and irregular waves were investigated 
by Korvin-Kroukovsky (31), Lewis (32), and re- 
cently by Tick (33). The past few years’ impres- 
sive progress uncovered several controversial ques- 
tions, the majority of which can be settled by fur- 
ther careful experimentation and full-scale trials. 


4. Experiments 


As mentioned previously, experimental impact 
load measurements are somewhat easier to perform 
but have less practical significance than determina- 
tion of pressure distributions. The direct method of 
impact load measurement uses a_ piezo-electric 
gage, spring or strain gage. Watanabe’s (34) classi- 
cal experiments, the Bureau of Standards’ (35) 
work and Sydov’s (36) paper might serve as basic 
references. The indirect force measuring resorts to 
deceleration determination by either recording the 
motion (and differentiating twice) or by using ac- 
celerometers. Richardson (37) compares these ap- 
proaches in his study of cavity formation and rico- 
cheting, while Bisplinghoff (5) compares his own 
experimental and theoretical results and presents 
pictures showing that Wagner’s theory over-esti- 
mates the effect of the piled up water. Experimental 
and theoretical results are also compared by Wei- 
ble (18) and Majer (38). Pressure distribution 
measurements performed in a thorough and system- 
atic manner by the NACA staff (39) show that 
pressure peaks are located near the instantaneous 
water line—an agreement with the theory. Jones’s 
(40) results in England show that elastic proper- 
ties of the impacting body (in practically important 
cases) do not affect the magnitude of the pressure 
peak; only the mean pressure increases with in- 
creasing rigidity. Pressure measurements on full- 
scale seaplanes are described in (39, 40), and on 
ships in (41). A detailed review of measurement 
techniques is presented in (42). 
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PRESENT TRENDS 


It was the intention of this paper to familiarize 
the reader with the engineering aspects of water 
impact. It is clear that the requirements of modern 
weapon systems, making use of naval hydroballis- 
tics, confront the designer with problems of high- 
speed entry where compressibility effects, structur- 
al deformations and rigid body dynamics must be 
taken simultaneously into consideration. At present 
the state of art is such that if the designer is faced 
with an unusual or new set of circumstances, he is 
forced to go back to the fundamentals, since no re- 
liable, handbook-type formulas exist which would 
be a cure for all hydrodynamic impact problems. 

The two major fields of application are missile 
and torpedo design, and ship and seaplane prob- 
lems. The experiences of the Second World War 
necessitated the development of an all-weather fleet 
of ships and seaplanes, with one of the limiting de- 
sign criteria furnished by wave impact. Modern 
missilery and space technology, associated with re- 
coverable manned or instrumented space capsules, 
requires precise design information regarding water 
landing of impact-sensitive payloads. It is conceiv- 
able that the whole recovery system and several 
logistic aspects are critically influenced by the 
landing-generated loads. Thus, if wave impact or 
water entry is involved in a transportation, weapon 
or scientific research system, the impact effects 
might easily put over-riding restrictions on the 
design. 

The present-day design problems mentioned 
above suggest two major areas of effort. Regarding 
missile and space technology a thorough experi- 
mental and analytical approach inter alia to the 
combined structural, rigid body dynamics, and hy- 
drodynamics problem of high-speed impact seems 
to be the most rewarding subject of future research. 
The other area to be emphasized is the impact 
effect of random seas on seaplanes and ships. Un- 
doubtedly this is another open field where signifi- 
cant and fruitful contributions can be expected in 
the near future. 

It is noted that the problems awaiting solution 
will not be found probably in the realm of incom- 
pressible potential flow. Instead of efforts to estab- 
lish further solutions to the Laplace equation with 
nonlinear free surface boundary conditions, one 
might visualize programs of major engineering sig- 
nificance concentrating on the hydro-elasticity as- 
pects of impact. 
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The Latest First 
USS GEORGE WASHINGTON (SSB(N)598) 
Keel laid on 1 November 1957 as a nuclear attack submarine 
(Scorpion). In late December 1957, the steel erected was 


converted to a new design and became the start of the first 
On Building Trials POLARIS submarine, 


Vice Admiral H. G. Rickover, USN, on board. Commissioned on 30 December 1959. 
Launched 9 June 1959. Commander James B. Osborn, USN, Commanding. 


Successful Builder’s Trials November 1959. 


Ali photos this page courtesy of Electric Boat Div., General Dynamics Corporation 


An Intermediate Nuclear First The Scorpion which contributed 
U.S.S. Triton her first keel to George Wash- 
Two nuclear reactors ington takes the water less than 
The First Nuclear First two years later and only 16 
U.S.S. Nautilus (SSN 576) months after second keel laying. 
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| OFTEN wondered why it is that the need for 
icebreakers is so hard to justify in a country that 
gets as cold and produces as much natural ice in its 
navigable waters as the United States. At the time 
this paper was being prepared, the temperature in 
Washington, D.C. was in the upper 90’s and Con- 
gress was sweating out a prolonged session. At this 
point, saving the farmers’ crops, settling a steel 
strike and improving our productive capacity was 
much more pertinent than thoughts of frozen rivers, 
bays, and lakes. 

Bills are introduced into the Congress during the 
midwinter months but this is the time for prelimi- 
nary work by subcommittees and administrative 
and technical aides. Later, when the Washington 
climate calls for tropical wear, the few men who 
have researched the projects and appreciate the 
needs will have to sell a bill of goods that can’t even 
be visualized by a great majority of the people who 
would benefit the most. 


CONDITIONS OUTLINED 


Let us take a look at the conditions that create 
this situation. The navigable waters of the United 
States subject to freezing are roughly bounded by a 
line drawn from the mouth of the Chesapeake Bay 
through Cairo, Ill, thence to Omaha, Nebr., and 


Council,’ December, 1959. 


Duluth, Minn. You will note that within this area 
is the great industrial heart of the country and the 
major centers of shipping. From figures furnished 
by Army Engineers, on our inland waterways, ex- 
cluding the Great Lakes and coastal ports within 
this area, moves an average of about 130 million ton 
miles of cargo per day during the shipping season. 
On the Great Lakes the average is about 480 mil- 
lion ton-miles per day in the open season, and 
through our coastal ports an average of approxi- 
mately 1 million tons per day are moved into inter- 
coastal and foreign trade. 

Without going into the details of costs per ton- 
mile, it is obvious that every day or even every 
hour that shipping is stopped, on any of our nav- 
igable waters from any cause, results in a tremen- 
dous loss in revenue to our economy including 
producer, labor, shipper, and consumer. An idle 
ship means idle goods, idle labor, idle money, de- 
creased revenue, and increased costs. Millions of 
dollars are spent annually by industry for idle ship 
time and every effort is made to reduce to a mini- 
mum all unproductive hours. 


EFFECT ON NATIONAL ECONOMY 


In our efforts to reduce idle time we have been 
relatively successful with everything except the 
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weather. Storms at sea and in port delay ships, but 
ice such as found in the Great Lakes, western 
rivers, and coastal rivers stops ships and shipping 
completely. Take a look at Table 1 and notice what 
effect the stopping of traffic has on national econo- 
my. 


TABLE 1 
Freight Movements—1957 
Ton-Miles 
Mississippi River above Cairo, Ill. .......... 7,519,900,000 
Coastal Rivers and Canals ................... 11,411,300,000 
TOTAL—Northern River Systems ............ 43,290,000,000 
Cargo handled in Arctic operations during 1957: 
Dry cargo measurement tons ...............+-- 271,752 
Petroleum products, bbls. 3,263,691 
Cargo handled in or out of 
northeastern harbors, tons .................-++- 360,239,000 


You will note that for every day navigation is kept 
open in an otherwise closed season there is a poten- 
tial movement of millions of ton miles of freight. I 
say potential movement of freight because nothing 
will move unless there is some assurance that a ship 
and cargo will get through in a reasonable time and 
in good condition. Only ships built for the job can 
operate independently in ice-filled waters. However, 
it is possible for any modern ship to operate all 
winter on a fairly good schedule with icebreaker 
assistance. 


COAST GUARD ASSISTS 


The U.S. Coast Guard is the Federal Agency 
charged with rendering ice-breaker assistance for 
shipping to meet the reasonable demands of com- 
merce. This is a free service rendered by the Fed- 
eral Government in support of American ships and 
shipping. 

Icebreakers are expensive vessels to build and 
maintain. Therefore, there are relatively few of 
them in the world. The Coast Guard, being a serv- 
ice with numerous tasks and responsibilities, has 
developed a fleet of icebreakers for dual service 
principally in the icebreaking aids-to-navigation 
field. Some of our smaller harbor-type icebreakers 
are also tugs for search and rescue and boarding 
duties. On the western rivers, the towboat Fern is 
equipped with an Amsterdam plow in the winter 
and an aids-to-navigation barge in the open season. 
Large modern buoy tenders are all designed as ice- 
breakers below the waterline and buoy tenders 
above. In this manner the Coast Guard is able to 
use its fleet of ships 12 months of the year in pro- 
ductive work. Specially built true icebreaker and 
ice worker designs, such as the Mackinaw and the 
Wind class cutters are employed on the Great 
Lakes, in the Arctic and Antarctic regions, and on 
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eastern rivers and harbors, such as the Hudson 
River and upper Chesapeake Bay, when ice condi- 
tions are bad. 

I hope that we can dispel two impressions com- 
monly held. The first, that ice is not a major prob- 
lem on American waterways! The secord, that ice 
does exist, but that the economic pressure for trans- 
port is not heavy enough to cause many shippers to 
employ ships on these waterways during the ice 
seasons. Both of these contentions are false. The 
data of Table 2 for vessel casualties during a recent 
year indicate that many vessels are operating on 
our waterways during the ice seasons. 


TABLE 2 


Ice Damage to U.S. Merchant Vessels, U.S. Waters, 
Winter 1958-1959 


Area No, of Cases of Damage 
4. Chesapeake & Delaware Canal ............ 2 


As can be seen from the statistics quoted, one of 
the greatest potential increases in transportation 
efficiency, embracing over half the population of the 
United States, could be effected at relatively small 
cost by increasing the icebreaking capabilities with- 
in the northeast quarter of the country. 

Take an arbitrary figure of $0.01/ton-mile, this 
would produce a daily income of over 10 million 
dollars within this area. Apply this to the days nav- 
igation is closed due to ice and you arrive at a fig- 
ure somewhere between 500 million and 1 billion 
dollars annually that is presently not being realized 
by American shipping. Of course these figures are 
an ultimate based on average normal operations but 
they also represent a goal dependent entirely on the 
ratio of icebreakers to ton-miles of cargo to be 
moved. The Baltic countries long have realized the 
economic advantages to be gained by providing ice- 
breakers to keep ships moving during the ice sea- 
son. The same holds true in the Low Countries 
where canals, rivers, and harbors are kept open. 


NEED FOR ICEBREAKERS 


Aside from the immediate need for icebreakers 
to assist shipping within the continental waters of 
the United States we have branched out in our 
worldwide activities to the remote ends of the earth 
—the Arctic and the Antarctic. Alaska now has be- 
come a State. Here is a potential source of natural 
resources untapped because of weather and trans- 
portation problems. Before World War II the only 
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access to northern Alaska was by dogsled or a dar- 
ing dash by an occasional ship. Today there are tens 
of thousands of tons of cargo on the north coast, de- 
livered by ship, but only because of icebreakers and 
ice workers. True, much of this cargo is in support 
of the military but remember, Fort Pontchartrain 
du Detroit was built before Detroit was a city. 

In the Antarctic, the United States is pioneering 
on the last frontiers to be conquered. Here we have 
established bases that are just as untenable to us as 
the mosquito-infested swamps of the Everglades 
were to DeSoto. Today cargo is moved in to support 
exploration and study. Tomorrow the return trip 
could bring out fabulous ores as valuable to world 
economy as the cryolite from Greenland. None of 
this is possible without the icebreaker. 


SPECIFICS 


Up to this point I have dealt in generalities, now 
let us look at the specifics. For about four months 
of the year, not a single cargo transits the intercon- 
necting channels between Lake Huron and Lake 
Erie. During this same time The Coast Guard ice- 
breaker Mackinaw (5,000 tons displacement) , Coast 
Guard tenders such as the Tupelo and Acacia (1,- 
000 tons displacement) and Coast Guard icebreak- 
ing tugs of the Kaw class (365 tons displacement) 
all traverse the Great Lakes and interconnecting 
channels at will. In recent years the coal trade be- 
tween Toledo and Detroit has been maintained al- 
most continuously by standard Great Lakes self- 
unloading bulk carrier with the assistance of one or 
more of these icebreakers. On Lake Michigan the 
bulk oil carriers now maintain year round opera- 
tions with the assistance of Coast Guard icebreakers 
stationed in that area. With the advent of taconite, 
a processed ore which can be handled and shipped 
without freezing, the possibility of year-round iron 
ore operations is apparent. The application of new 
developments and techniques to keep locks and 
dock areas ice free, together with adequate ice- 
breaker assistance, could keep traffic moving all 
over the Great Lakes twelve months of the year. 
These possibilities are not idle dreams. They are 
within the state of the art and depend solely on the 
economics and equipment involved. 

During World War II the Illinois River was used 
extensively for the first time when the iceplow was 
introduced. It was found possible to move naval 
craft, built in northern Illinois, down the Illinois 
and Mississippi Rivers irrespective of ice condi- 
tions. Winter traffic is maintained today on the IIli- 
nois but is limited by inadequate equipment. 

The port of Albany on the Hudson River has be- 


come an all-year port for all practical purposes 
since the advent of Coast Guard icebreakers after 
World War II. Traffic in the upper Chesapeake Bay 
and on the C & D Canal is now rarely held up when 
icebreakers are available to assist shipping during 
the infrequent bad ice years. 


ST. LAWRENCE SEAWAY 


You will note that I have made no reference to 
the possibilities of the St. Lawrence Seaway. Here 
we have many involved factors, both political and 
practical. In the first place, the seaway from the 
Bertram Snell Lock to the sea and the Welland 
Canal are a Canadian problem. However, irrespec- 
tive of any political considerations, the same princi- 
ples apply to the seaway as to the interconnecting 
waterways and the western rivers. All-year opera- 
tion is possible provided it is economically practical. 
In an operation of this type icebreakers would solve 
only the simplest part of the problem. Extensive 
engineering projects would be required, such as ice 
diversion jetties, compressed air bubbling systems, 
and additional protection for the hydroelectric pow- 
erplants. The economics of such an extensive pro- 
gram are questionable. 


SUMMARY 


To summarize the situation as regards the advan- 
tage of, and the need for icebreakers in support of 
U.S. maritime commerce, it is apparent that with 
adequate icebreaking assistance, maritime com- 
merce can be maintained on practically all the nav- 
igable waters of the United States on a 12-month 
basis. Where traffic volume is sufficient to justify 
the equipment necessary to do the job, the Federal 
income from taxes on additional profits realized 
would be more than enough to supply and support 
the services rendered. Dual purpose ships can not 
only maintain winter operations but can provide in- 
creased services to shipping and boating through- 
out the year. 

In the development of the Arctic and the Antarc- 
tic both for technical and political reasons and for 
future commercial possibilities, a fleet of Arctic- 
type icebreakers is essential to insure our position 
in those areas where we now hold a commanding 
lead over our competitors. 

The American economy has a potential increased 
annual earning capacity of up to one billion dollars, 
through full-time utilization of American shipping 
and waterways with icebreaker assistance. With our 
burgeoning economy, and its increasing demands 
upon transportation, it may not be too many years 
before we must realize this full capability of our 
maritime commerce. 
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New Anti-Submarine Weapon Joins the Fleet. 


TA 


USS Hazelwood with recently completed Drone Anti-Submarine Helicopter (DASH) Ins tallation. 
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I T IS A SOBERING thought to realize that we proba- 
bly know less about what is in, or under, the sea 
than we do about outer space. Man has sailed the 
waters of the globe for several thousand years; even 
so, our knowledge of the surface of the oceans is 
pitifully small. Every year 300 ships sink from one 
cause or another and many more are damaged or 
delayed, mainly by wave action. 

Marine scientists work under several major dis- 
advantages. The first is the disparity between the 
size of the oceans (they cover an area more than 
twice that of the land surfaces of the earth) and the 
number of oceanographers. A second relates to the 
inability to see what their apparatus is doing under 
the surface of the sea. In addition, there is the 
limitation imposed by the ever changing conditions 
in the sea and their as yet unpredictable variation 
with time and place. Some of these variations, but 
not by any means all, may be due to seasonal 
changes and they can only be studied in places ac- 
cessible to research ships. Few of these exist which 
are large enough to be capable of the long-range 
work involved, and few oceanographic laboratories 
or institutes have sufficient trained staff to man 
them. 


Nevertheless, much progress is being made. We 
are beginning to understand how the wind causes 


waves and to study their effect on ship movements. 
Wave recorders are now available to help engineers 
plan harbor defenses, and for fitting in ships. Instru- 
ments have been developed for measuring currents 
at all depths and progress has been made in study- 
ing the problems of oceanic circulation—on which 
the fluctuations of the fish population of the oceans 
so much depend. These major advances towards re- 
solving the more fundamental problems facing the 
oceanographer have not been made without their 
attendant difficulties. Of these, not the least has been 
the necessity to show that this research is, or can 
be, of practical advantage to the sailor, harbor en- 
gineer, economist and others. 


SCOPE OF REQUIREMENTS 

This advance of oceanography in recent years has 
shown the need for vessels capable of undertaking 
extensive work in any branch of oceanography on 
a world basis in almost any weather, and the more 
specialized approach to a number of problems, cou- 


pled with the ever increasing use of electronic 


equipment, makes a demand on ship space which is 
not easy to satisfy in a small ship. Before the Sec- 
ond World War marine physics (then known as 
physical oceanography) was confined largely to rou- 
tine sampling of the sea with simple instruments 
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and the analysis of the samples by conventional 


methods. The laboratory space required was rela- 


tively small and it was not necessary to carry a 
large highly-specialized staff. Now, in addition to a 
certain amount of conventional sampling and analy- 
sis still necessary, the ability to make routine ex- 
aminations of the ocean bed by means of echo 
sounders, coring tubes and deep-sea cameras, the 
measurement of currents at all depths by electronic 
devices, the study of sea and wave motion, and the 
relationship of these to the atmosphere, demands a 
complexity of instrumentation not only in the sea 
but in the ship as well. It also demands a team of 
specialists to use and maintain the instruments. The 
development of underwater acoustics for fish de- 
tection (in conjunction with an electronic scanner), 
and bottom survey in shallow depths, adds to the 
problems of space for instruments. 


In marine biology, modern techniques have also 
had their effect. The study of the fertility of ocean 
waters has brought more instrumentation in its 
train; the carbon-14 method of measuring photo- 
synthesis, for instance, requiring a considerable 
set-up of apparatus. The deep-sea camera has been 
adapted to photograph living animals and a flow 
meter and telemetering depth recorder devised to 
measure the volume of water passing through a 
plankton net and the depth of operation. Generally, 
however, the demand for increased laboratory space 
is considerably less than for marine physics, though 
the marine physiologist often takes more electronics 
to sea than the physicist. 

An ocean-going research ship should attain a high 
standard of accommodation and amenities for of- 
ficers and crew. In a small ship these requirements 
conflict rather with the demand for well-sited labo- 
ratories and the space necessary for handling com- 
plicated equipment. Some form of compromise can 
usually be effected, at the expense of either science 
or personnel, though it is often the former which 
suffers. 


Another very important point which must be con- 
sidered in designing a new research ship is the num- 
ber of scientists available to man her. With modern 
instrumentation, a much higher degree of specializa- 
tion is necessary and on an extended cruise of some 
months a large scientific and technical staff will be 
required to cope with the various aspects of the 
work. One must remember, of course, that however 
large or small the ship, only a limited number of 
observations can be made at any one time; never- 
theless when the ship is making an extended cruise 
far from base (such as the projected oceanographi- 
cal survey of the Indian Ocean) she has to be ready 
to do all kinds of work, and there is often much ad- 
vantage in teams with differing outlooks working 
side by side. 

There is generally some difficulty in staffing a 
large research ship and arranging the various pro- 


148 AS.N.E. Journa!, February 1960 


grams, and it may be asked why a smaller ship 
would not serve the same purpose. There are several 
good reasons for the larger ship; in the first instance 
modern oceanographic instrumentation requires 
much more laboratory and deck space than hitherto, 
as well as more scientists and technicians to main- 
tain it and if the ship is to serve all branches of 
oceanography, adequate facilities must be given to 
each branch. Very few existing research ships meet 
this need. Fishery research ships are usually built 
on the lines of an ocean-going trawler and although 
marine biologists know the importance of studying 
the physical aspects of the ocean, e.g., the water 
movements, which influence the distribution of the 
fauna, and the concentration of nutrient salts, the 
presence or absence of which is an important factor 
in their growth, physical oceanography is, of ne- 
cessity, subordinated to the use of a full-sized com- 
mercial otter trawl and facilities for handling and 
sorting the catch. In other small research vessels, 
laboratory facilities for the marine biologist often 
are almost non-existent. Finally, in a small ship or 
in one with laboratory space inadequate to present 
needs, much time and energy is expended between 
cruises in removing one set of scientific equipment 
and replacing it with the apparatus for the next 
cruise. Much of this work could be avoided if the 
laboratories were big enough to house permanently 
all but experimental apparatus. 

Many research ships are used only for collecting, 
i.e., they are too small to have adequate laboratory 
facilities for accurate chemical and biological analy- 
sis. For this reason and others they must work 
within reasonably close range of their base. As men- 
tioned earlier, plans are being made for a large- 
scale international investigation of the Indian Ocean. 
Most of the ships taking part will be small, and will 
have to work far from their normal base—thus 
severely curtailing their activities. 

The USSR has recognized the need for bigger ves- 
sels by building very large research ships, three of 
which figured prominently in the oceanographical 
program of the International Geophysical Year. 

There is also the advantage that a large ship will 
form a reasonably stable working “platform,” and 
so make it possible to do much work not usually 
attempted as a routine on board a ship. Very ade- 
quate laboratory space for each branch and good 
facilities for the immediate processing of data are, 
for example, available on board the USSR Mikhail 
Lomonosov (6,000 tons displacement) . 


OPTIMUM SHIP SIZE 


Much thought has been given to the design of a 
comprehensive ocean-going research ship. There is 
a considerable divergency of opinion on many 
points, especially on size, and methods of propulsion, 
but all are agreed on a considerable increase in the 
space to be allocated to science. This increase can- 
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not be made at the expense of crew accommodation 
or, indeed, of the accommodation for the scientific 
staff, and so a larger ship becomes a necessity, not a 
luxury. 

The reluctance of most countries to build large 
research ships stems from a variety of causes. It 
may be from the high cost of building, running and 
of maintenance; it may be thought also that a large 
ship will require a very large scientific and tech- 
nical team and, in addition, there is the feeling that 
the absence of a low freeboard will make it more 
difficult, or even impossible, to handle certain over- 
side equipment. This latter is likely to be true if a 
ship of 5,000 to 6,000 tons displacement is envisaged, 
but a vessel of this size seems unduly large—just as 
the upper limit set by some American oceanogra- 
phers (about 1,000 tons) seems unduly small. Dif- 
fering ways of life in the Old and New Worlds no 
doubt favor the smaller ship. A single cafeteria mess 
for all hands obviously is more economical of space, 
as are multiple-berth cabins, and an ample supply 
of student labor, who can be accommodated in bulk, 
certainly reduces living space, if not crew, though 
the 50 : 50 ratio of scientists to crew, as envisaged 
for the 180 foot vessels advocated in the U.S.A. 
would, perhaps, be a little difficult to achieve in a 
truly ocean-going ship manned outside that coun- 
try. 

For a ship to be used on a full international basis 
it seems likely that a more conventional arrange- 
ment of accommodation is desirable. Against all this 
must be set the fact, however, that two or possibly 
more small ships may be required to do—perhaps 
with difficulty and certainly under more unpleasant 
and cramped conditions—what one bigger ship can 
do easily. More scientists, proportionally, would also 
be required to man the smaller ships. A further ar- 
gument in favor of an increased size of ship is her 
ability to keep the sea in all weathers and often to 
work under conditions which would keep a small 
ship in harbor. The advantages of being on the spot 
and ready to start work when the weather improves 
are inestimable, and have been proved time and 
time again in the Royal Research Ship Discovery II. 
Her dimensions are: length (over all) 234 feet, 
molded breadth 36 feet, and depth 20 feet, with a 
displacement of 2,100 tons. The ratio of scientists to 
crew in Discovery II (10: 40) is low by American 
standards but it is reasonable for a deep-water, all- 
purpose research ship, capable of working for 
months, even years, away from home, and with a 
resident team of fully-qualified scientists, whereas 
some research ships are little more than offshore 
laboratories. 


It would be very difficult in most countries to find 
enough fully-qualified scientists to give an equal 
ratio with the crew; on this basis, scientific assist- 
ants, technicians and students not only must form 
the bulk of the scientific staff but also take over 


some crew duties, and most of the routine work of 
handling heavy deep-sea equipment, and maintain- 
ing the ship, is probably much better done by the 
fewer professional seamen of a permanent crew. 

The larger ship will entail a much larger bill for 
crew, but above a certain size this is not necessarily 
so—for example a reasonable increase in size over 
that of the Discovery II, say to an overall length of 
250 feet, with a beam of 42 feet, should not require 
any more deck officers, petty officers and ratings 
than are now carried. The complement of engineer 
officers and ratings will depend largely on the 
method of propulsion. Steam, whether driving 
triple-expansion engines, or powering turbo-electric 
drive, should not require an increased engine-room 
staff, unless it is thought desirable with the latter 
method to carry an electrical officer. If, on the other 
hand, diesel-electric propulsion is used there will 
be a distinct reduction. As with turbo-electric drive, 
one additional electrical officer may be necessary, 
but six firemen would be replaced by three greasers. 

To sum up, the field of marine research has en- 
larged very greatly in the last quarter century and 
this growth is much more than a mere academic 
expansion. It results from the effort to meet the 
insistent demand for information, and the further 
problems which continually reveal themselves point 
to continued expansion. 

The oceans of the world are a vast field of opera- 
tion and if a single ship is to be capable of all types 
of research in such a field, then a vessel larger than 
the Discovery II will undoubtedly be needed for 
the task. 


RANGE, ENDURANCE AND SPEED 

The ability to keep the seas for a reasonably long 
time is an important requirement for an oceanic re- 
search vessel. Fuel and water must be adequate for 
a minimum period of at least four to six weeks 
away from port, bearing in mind that to maneuver 
the ship on “station” consumes nearly as much fuel 
as straightforward steaming. Taking an average of 
four years, Discovery II has spent nearly half her 
time at sea on station. For a long-range ship the 
bunker capacity should therefore be sufficient for a 
range of 12,000 to 15,000 miles, to include work on 
station. An economic speed of 9 to 10 knots is de- 
sirable, and quite adequate. The maximum speed 
should be about 13 knots. 

It is not easy to give precise dimensions of a de- 
sirable size of research ship until a stage in planning 
has been reached when all scientific requirements 
have been met, the form of propulsion agreed and 
accommodation arranged to the latest standards. It 


. seems likely, however, that a ship 250 feet in length 


(overall), with a beam of approximately 42 feet, 
and a molded depth of 23 feet would meet all needs, 
certainly for some years to come. Compared with 
the Discovery II, these dimensions could increase 
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the gross tonnage from 1,065 to, very approximately, 
1,475 tons. It should be possible in a vessel of this 
size to have four working decks, including the boat 
deck. 

The hull form of a long-range research vessel re- 
quires special consideration from the designer. Not 
only must emphasis be placed on seakindliness but 
it must also be directed towards the provision of a 
reasonably stable “platform” from which to work in 
all but the worst weather. This need for stabiliza- 
tion is demanded mainly when the ship is hove-to 
or stopped, and making observations; it can proba- 
bly be met by the provision of heeling tanks. Al- 
though desirable to have a stable ship when steam- 
ing it is doubtful whether the cost of fitting fin 
stabilizers, which only function when the ship is 
under way, would be justified. For handling certain 
types of apparatus a low freeboard is desirable, 
though not entirely necessary. The large research 
ships of the USSR do not have a low freeboard and 
yet manage to handle deep-sea marker buoys and 
similar gear. 


PROPULSION AND MANEUVERABILITY 
A major problem in the design of a research ship 
is the type of propulsion to be adopted. There are 
many points to be considered and among these are 
weight, economy of space, both for engines and fuel, 
but more especially the latter, since auxiliary gen- 
erating sets have to be accommodated, absence of © 


vibration and noise,* a minimum of maintenance 
costs and, by no means the least requirement, the 
ability to steam at speeds as low as 1 to 1% knots. 
In addition, for maneuvering on scientific station, 
bridge control of the main propulsion unit or units 
is highly desirable. Types of machinery available 
range from the simple triple-expansion engine to 
the gas-turbine and, possibly, atomic energy. 

If only the considerations were economy in space 
and fuel consumption then direct diesel or diesel- 
electric drive would meet these needs. For slow 
running, flexible control and maneuverability, direct 
diesel drive is hardly flexible enough, nor does it 
allow of very slow running. This difficulty might be 
overcome by the use of a controllable-pitch propel- 
ler, but experience with these is still rather limited, 
and it seems that the well-tried system of diesel- 
electric propulsion would be more satisfactory in 
these respects; either system also lends itself to a 
satisfactory type of control from the bridge. When 
we come to consider absence of vibration and noise, 
either form of diesel propulsion has grave disad- 
vantages, especially with regard to noise. The prob- 
lems of vibration in the smaller medium-speed ma- 
rine diesel engines has largely been solved but it is 
not easy to confine the noise to the engine room nor, 
in a long-range research ship, where engine-room 

* Fourastié (Machinism et Bien-étre, Ed. de Minuit, Paris, 
1951) has said (p. 199) “Silence is as essential as 
light to intellectual activity.” 
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workshop facilities are a necessity, is it desirable 
so to do. 

If space is available—not so much for the ma- 
chinery as for fuel—then turbo-electric drive would 
meet the demand for quiet running. Less space is 
required for engine and boiler rooms than for 
triple-expansion engines, but for long-range work 
considerable space must be allocated to bunkers. 
For a very small ship such a sacrifice cannot usually 
be made, but in a long-range research vessel there 
should be adequate space below the waterline, oth- 
erwise unusable, in which to carry ample fuel. So 
far as maintenance is concerned this is likely to be 
much less with turbine than with diesel machinery. 

So far it has been assumed that single-screw 
propulsion is envisaged. This has disadvantages 
when the ability to maneuver quickly, so essential 
in a research ship, is considered but the initial cost 
is lower and fuel consumption is less, thus giving a 
longer range. Apart from this, twin screws are apt 
to foul scientific gear and instruments lowered at 
or near the stern. If navigation in ice is required 
they can be a danger. Other methods are now avail- 
able for increasing the maneuvering power of ships. 
These include the Voith-Schneider propeller, which 
can be used as the main form of propulsion, or fitted 
in a duct in the bows, the “Active” rudder, in which 
a rudder with a built-in electrically-driven propel- 
ler replaces the ordinary rudder and jet propulsion 
units, also fitted in a bow duct. For simplicity of 
machinery and freedom from maintenance it would 
seem that these latter units would be the most sat- 
isfactory. 


LABORATORIES, WORKSHOPS AND STORES 


Sub-division of the spaces allocated for labora- 
tories into a number of smaller units is preferred 
in this country, and also in the USSR. The extent of 
this sub-division depends, of course, on the size of 
the ship and, in the USSR Mikhail Lomonosov, 
separate laboratories have been provided even for 
closely allied branches of physical oceanography. 
For the size of the vessel now under review a rea- 
sonable “breakdown” of space would be as follows: 
Boat deck.—Library and writing room, with “light” 
table and survey chart room (additional to ship’s 
chart room) with very large plotting table. 

Upper deck.—General laboratory (adaptable to 
either biological or certain physical needs), chemi- 
cal laboratory, electronics laboratory (with associ- 
ated workshop facilities) and a “wet,” or rough, 
deck laboratory, adjacent to the forward deep 
water-bottle winch, for handling and storing water- 
bottles, thermometers, etc. A ready-use electronics 
and general scientific store should be sited near the 
main laboratories. 

Main deck—“Wet” biological and general rough 
laboratory near the net winches. Net room and 
store adjoining the scientific workshop (with lathe, 
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drilling machine, etc.) aft near trawl winch, and 
scientific office. This latter could be combined with 
a further ready-use storage. A small battery room 
on this deck would be an additional advantage. 
Lower deck.—Photographic laboratory and dark- 
room, low temperature laboratory, and underwater 
instrument room (Sonar, shipborne wave recorder) . 
Hold.—Storage space aft at hold level, with large 
hatch on after deck and additional access under 
cover on lower deck should be capable of accom- 
modating all bulky equipment. In addition, space 
should be available, either on the boat or upper 
decks, for siting a “package” laboratory, such as are 
commonly used by American oceanographers. These 
are, in effect, portable laboratories which are fitted 
out ashore with all instruments ready for use and 
are then hoisted on board, secured and connected 
to all main services. 

Omitting hold space, the laboratories, workshops 
and associated scientific spaces should occupy a to- 
tal area of not less than 2,100 square feet. Services 
to laboratories in general should include d.c. and 
a.c. power, fresh and salt water, vacuum and com- 
pressed air connections. All main laboratories 
should be air-conditioned. The chemical laboratory 
will house the salinometer and should have an elec- 
tric still for distilled water. Permanent post office 
type instrument racks should be fitted in the elec- 
tronics laboratory and workshop. In all other labo- 
ratories arrangements should be made for fitting 
these racks if the occasion arises. All laboratory 
doors, and doors leading out on deck must be as 
large as is practicable, in order to save dismantling 
complicated gear coming to or leaving the ship. 


DECK ARRANGEMENTS 


Adequate deck space for all types of work and 
freedom from unnecessary obstructions are essential 
needs, Masts should be of tripod construction thus 
doing away with rigging. Derrick posts should, if 
possible, be self-supporting, or with a minimum of 
stays. If the latter are necessary they should not ob- 
struct the passage of long and probably unwieldy 
instruments overboard. The cantilever system of 
supporting bridge wings and overhanging decks 
should be used to obviate the need for supporting 
stanchions along the ship’s side. Forward, at least 
60 to 70 feet clear of all obstructions is required for 
handling coring tubes and equipment. Aft, for mid- 
water trawling and deep net operation generally, 
there must be a clear deck abaft the superstructure 
for a minimum of 60 feet. And on one side amid- 
ships there must be sufficient space around small 
oceanographical winches to allow freedom of move- 
ment, both for operators and apparatus. Derricks, 
forward and aft, for handling coring gear and trawl- 
ing equipment should not be sited amidships. Two 
derricks at each position, on opposite sides of the 
ship, are much preferred to one sited centrally. For- 


ward and midships oceanographical winches should 
have associated A-frames, with shock-absorbing 
equipment, in lieu of the more usual davit, whereas 
the after oceanographical winch, used mainly for 
small vertical net observations, should have a “Dis- 
covery”-type davit. Wide roller fairleads, with large 
diameter rollers, should be fitted either side aft for 
handling large towed nets, dredges, etc., and one 
set each side of a modified form of trawling gallows 
are needed for use with the mid-water trawl. The 
hatch to the scientific hold aft should be sited as 
near to the ship’s side as possible. There seems to 
be no reason—other than tradition—for a central 
position, which occupies valuable space. As already 
mentioned space is required on the boat or upper 
deck for a portable or “package” laboratory. Good 
deck lighting, by floodlight, is a necessity. 

Deck winches for scientific use should comprise 
two heavy winches of approximately 75 to 100 h.p.; 
one forward for coring and similar bottom observa- 
tions, the other aft for deep towed nets and dredg- 
ing. Three small oceanographical winches, of ap- 
proximately 10 to 12 hp., are required for, re- 
spectively, water-sampling, vertical nets and for 
lowering instruments attached to small conductor- 
cored cables. The heavy winches should each ac- 
commodate 10,000 to 12,000 meters of tapered wire 
rope (16 to 13 mm diameter forward and 14 to 12 
mm aft). The water-bottle winch (forward) should 
take 10,000 meters of 4 mm steel wire cord and the 
vertical net winch (aft) 5,000 meters of 6 mm steel 
wire cord. The remaining small winch (amidships) 
requires two drums, one to accommodate 10,000 to 
12,000 meters of 2 mm wire cord for buoy mooring, 
the other to take at least 3,000 meters of conductor- 
cored cable 6 mm in diameter. To facilitate mid- 
water trawling it would be a great advantage if the 
heavy winch aft had three drums, the center one 
for the long tapered warp and the wing drums each 
holding 2,500 meters of 12 mm wire rope. 

The type of power used to drive the small deck 
winches will depend largely on the type of propul- 
sion chosen for the ship. If steam is available it is 
advisable that this should be used. On the other 
hand, the heavy winches would probably be, like 
most modern trawl winches, electrically powered. 


NAVIGATION EQUIPMENT 


The navigational equipment should include deep 
and shallow echo sounders, radar, Loran, electric 
log, gyro-compass and recording anemometer, a 
course and distance recorder in conjunction with 
the gyro-compass, rudder indicator and clear view 
screens. The ship’s chartroom should be separate 
from the survey chart room adjacent to it. The lat- 
ter should house the deep echo-sounding recorder, 
course and distance recorder and have space in 
which to fit, if necessary, the precision depth re- 
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corder. Also sited on the bridge should be a “talk- 
back” system of communication with essential parts 
of the ship, and a loud-hailer. 

In the course of a decade, consumption of electric 
current in the Discovery II has nearly trebled. This 
rate of increase largely reflects the difference be- 


tween pre and post-war oceanography but is not 
likely to be sustained at this rate in the future. 
Nevertheless, there must be provision for future 
developments and a modern research ship should 
have a reserve exceeding her maximum output 
when built. 


Although practically all power in this country is generated as alternating 
current, a large percentage—estimates run as high as 20 percent—is used 
in the form of direct current. From 1940 to the present, over 8 million 
kilowatts of mercury-arc rectifier capacity has been built in the United 
States to satisfy this demand. Best estimates are that an additional 10 
million kw conversion capacity will be built by 1970. However, the vast 
bulk of this new capacity will employ silicon rectifiers, not mercury. Today, 
silicon rectifiers are the principal source of d-c power over the entire 
voltage spectrum, although selenium and copper-oxide rectifiers are still 
used to a limited extent at low voltages. 

Silicon has replaced the ignitron as the principal conversion device for 
five reasons: 

(!) Silicon rectifiers have a decided efficiency advantage over the 
ignitron at low d-c voltages and are somewhat superior at voltages as 


high as 850. 


(2) The silicon unit requires much less space than a comparable ignitron 
unit. 

(3) Simplicity is another significant advantage of silicon. Water cooling 
is not necessary. Complex excitation circuits are not required, and vacuum 
problems do not exist. The silicon unit approaches the ultimate from the 
standpoint of maintenance attention. 

(4) Perhaps the most important reason for the rapid gains of silicon is 
its relative cost. The cost of silicon is much below the mercury-are curve 
in the 200-400 volt range, and is somewhat below it even at 850 volts. 
In 250-volt industrial and 275-volt mining service, the complete silicon 
unit is also lower in first cost than the igniron, but not by as great a 
margin as for electrochemical units at these same voltages. 

(5) Two years of industry-wide operating experience with silicon recti- 
fiers has shown them to have a device failure rate of less than one percent 
per year, and an unmatched record of continuity of power output; failure 
of an individual device does not disturb output power to the bus. 

From an initial start three years ago, silicon rectifiers are now being 
installed almost exclusively for electrochemical applications. Likewise, 
they are being installed extensively in mills, shops and mines. Silicon con- 
version equipment is available for 250-volt d-c industrial service in ratings 
ranging up to 3000 kw at specific values corresponding to the preferred 
series of numbers. 

The conversion unit that will supply d-c power to industry in the 60's is 
built around a wafer of metal only as large in diameter as a five cent 
piece, and not nearly so thick as a dime. It is quiet; it does not move; 
it is efficient; it is simple; and it is reliable; and in spite of all these virtues, 


it offers first cost savings. 
—From WESTINGHOUSE ENGINEER 
November 1959 
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LIFTING-LINE THEORY OF THE 
SUBMERGED HYDROFOIL OF FINITE SPAN 


THE AUTHOR 


studied Naval Architecture mainly at the department of Naval Architecture 
of Tokyo University, Tokyo, Japan from 1944-47. After several post-graduate 
courses, he has become an assistant professor in the department of Mechani- 
cal Engineering of Tohoku University in Sendai. His work is connected with 
general hydromechanical problems in Naval Architecture, in particular with 
wave resistance theory and with the submerged hydrofoil. 


PART III 
Optimum distribution of circulation for the submerged hydrofoil of finite span 


INTRODUCTION 

The main problems in the hydrofoil theory may 

be regarded as consisting of finding: 
1. The hydrodynamical characteristics of the sub- 
merged hydrofoil of given shape in the given 
condition, and 
2. The distribution of circulation for a given to- 
tal lift such that the resistance is a minimum 
in the given condition. 
The first was treated in detail in a former paper.* 
And so, in this paper, the second will be considered. 

In order to establish the theoretical method, it is 
first of all necessary to determine the following 
items: 

1. How to decide the distribution of the attack 
angle and chord length over the span from a 
given distribution of circulation, and 

2. How to determine the distribution of circula- 
tion in order to satisfy the optimum condition. 

Generally the submerged hydrofoil exists in the 

velocity field induced not only by the trailing vortex 


but also by the surface wave. Hence we must con- 
sider the above mentioned two items, while taking 
the existence of the free surface into account. 


In this paper, from the standpoint of the lifting- 
line theory, a method is proposed for determining 
the distribution of attack angle and chord length, 
and then the optimum distribution of circulation is 
clarified for the given condition of operation. 


DETERMINATION OF CHORD LENGTH 
AND ATTACK ANGLE 


Denoting the circulation with and without the ef- 
fect of the free surface by I'(y) and I.,(y) respec- 
tively, we have the relation * 


b 
—b/2 


1 j »/? 


d 
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When the circulation is given in the submerged 
condition, the corresponding value in an infinite 
fluid can be calculated by (1); this means that we 
must subtract the effect of the free surface from 


Now putting * 


the given circulation, in order to convert to the cor- 
responding value in an infinite fluid. And then 
either the attack angle or the chord length can be 
determined from the converted distribution of cir- 
culation by using (2). 


=2bCy(y) =2bC (a,sind + ) (3) 


T..(y) =2bCy,, (y) =2bC b,siné + ). (4) 
(5) 

C,=L/MpC*S, (7) 


Hence the lift coefficient in the submerged condi- 
tion can be known from (6). 
Substituting (3) and (4) into (1), we obtain 


where 
K(y—n) =— 


(BY? 


45? 


8 


28 


88° 


8=f/L.o, B=b/L. 


and Ky, K, are the modified Bessel functions of the 
2nd kind, the argument of which is 


As a numerical solution, applying the Gauss’ 
mean value method, (1’) can be reduced to 


U(y;)x 

For our practical purpose, taking seven points 
over the span, seven simultaneous equations are ob- 
tained, but we can reduce them to four simultane- 
ous equations owing to the symmetry of the dis- 
tribution of circulation. 
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The ordinate 7; and coefficient a;" in the numeri- 
cal calculation are as follows: 


( ) = 0.94910 ) = 0.06474 
7 
( = + 0.74153 ) = 0.13985 
(7) = = 0.40584 ) = 0.19001 
m =0 a,” = 0.20898 


Thus y. can be determined numerically and then 
the coefficient b, can also be determined from (4). 


Putting (4) into (2) we obtain 


m=1, 3,5,7 ..(2’) 
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Therefore either the chord length or the attack an- 
gle can be determined from (2’). 


INDUCED RESISTANCE AND WAVE RESISTANCE 


It is necessary to determine the span form from 
the given distribution of circulation and at the same 
time to obtain the resistance of the given distribu- 
tion of circulation. 

Generally the resistance and vertical induced 
velocity can be given for the submerged hydrofoil 
of finite span * 


pare, 
yon 


Inserting (9) into (8) we obtain 


0 4z Jo 


4x t0 
K. 2 
“ 0 
where 
b/2 
P+iQ= \ T(m) 


b/2 
P,+iQ,= T'(n) secte sinedy 


-b/2 


The first and second terms are induced resistance 
and the third wave resistance. The former relates 
to the free vortex motions in the wake of the sub- 
merged hydrofoil and the latter the effect of the 
surface waves. And also the expression for both re- 
sistances, induced and wave-making, has the same 
form as Karman’s expression® for the induced re- 
sistance. This is due to the trait that both have in 
common that the energy is transferred aft, whether 
it is due to the free vortex motions or surface wave 
motions. 


Now the arbitrary distribution of circulation can 
be expressed by Betz* 


29? - - - 


Hence the resistance is given from 


4 us0 
+1, {5,() ew tt 


x 
where J,, J. are the Bessel functions of the 1st kind. 
The evaluation is generally difficult for the integral 
(11) and so for our practical purpose the resistance 
may be obtained from (8) numerically. 

Considering the 3rd term in (11) for the ex- 
tremely high speed we have the relation 


= (the 3rd term in (11)) 


(t) +1; {3, (t)—3 


2 

And so comparing the terms in the right side of 
(12) with the 2nd term of (11), it can be shown 
that the wave resistance approximates the induced 
resistance as the speed becomes higher; in other 
words no difference can be found at extremely high 
speeds between the induced and wave resistances. 
This also corresponds to the properties’ of the vel- 
ocity potential as already introduced. 


OPTIMUM DISTRIBUTION OF CIRCULATION 


In the case of designing the submerged hydrofoil 
of finite span, it is desirable that the given distribu- 
tion of circulation be optimum, in other words that 
the resistance be minimum for the given lift. 


As the resistance consists not only of the induced 
resistance but also of the wave resistance in the 
submerged hydrofoil, we must obtain the optimum 
distribution of circulation taking the effect of free 
surface into account. 


R=f-lim 


p (P,?-+Q,”) sec5@ e-2%,f 


Now we apply the variational method; it is nec- 
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essary that the lst variation of (13) and (14) al- 
ways equates to zero. Hence we have 


1 b/2 
Lim | | cos u(y—7) 
0 


2r 0+} -b/2 


2 b/2 
i+ aK, P(n)dn| 
0 


{ -b/2 


cos{K,(1+u?)% u(y—n) }du=OC ......... (15) 
where ® is the Lagrangian constant. 
Comparing (15) with (9), we obtain 


This is the optimum condition required; the dis- 
tribution of circulation becomes optimum when the 
vertical induced velocity is constant over the span 
under the effect of the free surface. And the opti- 
mum distribution of circulation is the solution it- 
self of the integral equation (15). 

Transforming (15) by using (3), we obtain 


sin6; 


1 — ‘ 


(15) is an integral equation of Fredholm’s type of 
the second kind, and hence can be solved numeri- 
cally by applying the Nystrom’s method. 


mm sin mé, K(y;—7\)=70 


The coordinate and coefficient to be taken is the 
same as (1”). On the other hand from (13) and 
(6) the Lagrangian constant can be determined. 
And so we can obtain the optimum distribution of 
circulation in the given condition of operation by 
determining the coefficient a, from (15). The de- 
sign of the submerged hydrofoil should be made 
from this optimum distribution of circulation in the 
given condition of operation. 


NUMERICAL EXAMPLE 


Numerical calculations are made for the follow- 
ing conditions: 
aspect ratio, A=5 and 7 
distribution of chord length, 1/l,_,= Y 1—n? 
decrement coefficient of lift curve slope of viscosity, 
o=0.85 
immersion, §=1.0 
Cc 1 
Froud ber, ——— 
roude num! Vou 
The optimum distribution circulation is shown in 
Figure 1; as the dotted line is elliptic which is op- 
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Figure 1. Optimum distribution of circulation at \—5, 7 
and K.f=—0.4 , 0.1. 
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Figure 2. Deviation of the optimum distribution of circu- 
lation from the elliptic distribution. 


timum in an infinite fluid, the difference between 
the full and dotted lines is exclusively due to the 
effect of the free surface. It can be known that the 
optimum distribution of circulation is a little 
smaller in the middle and larger at the tip of the 
span than the elliptic distribution. 

That the more or less flatter distribution than 
the elliptic distribution of circulation is optimum in 
the submerged hydrofoil, is in good agreement in 
tendency with the Breslin’s conclusion,® which is 
drawn from only the wave resistance. 
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The deviation from the elliptic distribution is 
shown in Figure 2; this deviation depends on the 
Froude number, and also is larger with the aspect 
ratio. This comes from the fact that the surface dis- 
turbance is more predominant as the aspect ratio is 
larger. 

The effect of the free surface on the resistance 
at the optimum distribution of circulation, can be 
clarified in the following table: 


free surface effect being free surface effect being 
neglected considered 
C/V/gf=1//0.1 0.0926 0.0887 


C/V/gf=1/v04 0.1102 0.1053 


In this numerical example the resistance is about 
5% smaller in the case considering the effect of the 
free surface than in the case where the free sur- 
face is neglected. This may be interpreted as show- 
ing that the proposed method of calculation is rea- 
sonably correct. 

In the last place we design the submerged hydro- 
foil from the optimum distribution of circulation. 
The converted distribution of circulation in an in- 
finite fluid is shown in Figure 3; as the dotted line 
is the optimum distribution of circulation in the 
given condition of operation, there exists no differ- 
ence between the lines, dotted and full, in the sub- 
merged condition, due to the effect of free surface. 


0 


Figure 3. The converted distribution of circulation sub- 
tracted from the effect of the free surface. 


The distribution of chord length and angle of at- 
tack is shown in Figure 4, which can be derived by 
(2’) from the converted distribution of circulation. 
For the distribution of chord length given by the 
elliptical distribution of circulation, the distribution 
of attack angle is constant over the span in an in- 
finite fluid. But, in the submerged condition, the 
angle of attack changes over the span and is larger 


trailing edge 


los DISTRIBUTION OF CHORD LENGTH 


leading edge 


DISTRIBUTION OF ATTACK ANGLE 


Kef =0.1 04 


0 | 
Figure 4. An example of hydrofoil design at \—5. 


at the tip. This means that it is necessary to make 
the geometrical angle of attack larger than that in 
an infinite fluid, as the effective angle of attack de- 
creases by the effect of the free surface in the sub- 


merged condition. 


CONCLUSION 


In this paper, from the standpoint of the lifting- 
line theory, a method is proposed for designing the 
submerged hydrofoil from the optimum distribu- 
tion of circulation, taking the effect of the free sur- 
face into account. The main problems considered 
are as follows: 


1. the calculation method for designing the sub- 
merged hydrofoil from an arbitrary distribu- 
tion of circulation, 

. the method for obtaining the resistance of an 
arbitrary distribution of circulation and the re- 
lation between the wave resistance and in- 
duced resistance, and 


. the optimum distribution of circulation in the 
given condition of operation and the method 
for obtaining it. 


Finally the author thanks Prof. F. Numachi and 
Prof. S. Fuchizawa for their guidance. 
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DISCUSSION 


“Lifting Line Theory of the Hydrofoil 
of Finite Span” 


Part III 
by Tetsuo Nishiyama 


By Dr. B. Silverstein, Ship Design Division, 
Bureau of Ships 


In this paper, Professor Nishiyama has continued 
his investigation of a finite hydrofoil acting near a 
free surface. Here, he examines the case of mini- 
mum resistance and determines the spanwise dis- 
tribution of circulation required to minimize both 
the induced drag and the wavemaking resistance. 
As in his previous papers in the Journal, a classical 
problem in wing theory is attacked, taking into ac- 
count the added, complicating, boundary conditions 
imposed by the free surface. 

It might be useful to refer to the distribution of 
circulation, in an infinite fluid, which yields a mini- 
mum induced drag; this is, as derived in many aero- 
dynamic texts, an elliptic distribution. In order to 
derive this result, one must solve an integral equa- 
tion but it may be revealing to assume the elliptic 
distribution and see what results. 

Using Professor Nishiyama’s notation, if the distri- 


b 
bution of circulation along the span, from => 


ton=vis elliptic and has its maximum of T=T, 


we may write. 


wat 


\| 


1. 


Therefore 


or —Ton 


Then 


158 A.SNLE. Journal, February 1960 


The total downwash at any point y is: 


1 er 
w,(y) =— dn— 
Therefore: 
1 r 


This integral is singular at »=y, — +. and , but 
can be solved for its Cauchy principal values. This 
results in: 


Ww, (y) = 


It is interesting to note that in the infinite fluid, 
the minimum drag occurs when the downwash is a 
constant along the span. In the case of the fluid with 
free surface, Professor Nishiyama arrives at the 
identical conclusion when he considers minimizing 
both the induced and the wavemaking drag. Of 
course, in this case the minimum drag is achieved 
by a circulation distribution which is not elliptical. 
In the infinite fluid, the distribution is independent 
of speed, but in the finite fluid it is a function of 
Froude number. The differences between the two 
distributions are shown in Figures 1 and 2 and are 
discussed in the paper. 
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INTRODUCTION 

A method for treating general piping flexibility 
problems was developed in reference (1). These 
problems require an investigation of the stresses 
which occur at selected ponits in a piping network 
which has already been designed and which occu- 
pies a portion of a three dimensional space. The 
stresses arise, usually, from various thermal states 
to which the system is subjected. However, they 
may also arise from conditions of external loading, 
in particular, a distributed loading on the system. 
If the investigation leads to inadmissible stresses, 
the given design must be altered. These investiga- 
tions do not provide criteria for the alteration which 
must be done by trial and error based on experi- 
ence. 

Briefly, the method of reference (1) requires one 
to set up the appropriate matrix equations which 
are then solved on a digital computer. The major 


effort centers on the construction of the necessary 
matrices, the elements of which are given by rather 
complicated formulas. These are listed in the refer- 
ence. 

The writer has observed that many engineers 
quite willingly use these or similar formulas from 
kindred methods without completely understand- 
ing the analysis on which these methods are based. 
In particular, publication space limitations enforce 
brief descriptions of these methods so that one not 
well-acquainted with the requisite mathematics 
finds it difficult to obtain the understanding which 
will enable him to criticize and choose one method 
over another. 

The objectives of this paper are (i) to develop, 
without matrices, the methods of reference (1) for 
a simple, coplanar system so that this method 
can confidently be used in the general case (utiliz- 
ing the complex formulas of the reference); (ii) to 
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(X,, Ya); (Xp, Yp) 
(x, y) or (é,n) 


A, B., S. etc. 


Wy, Wy 


TABLE OF SYMBOLS 


Coordinates of Point A,P resp. 
Coordinates of running point S. 
Length of pipe from O to S. 


Capital letters with no letter sub- 
scripts have two meanings: (i) A 
is the point with coordinates (x,, 
ya) and (ii) A is the flexibility 
matrix of the pipe between O and 
A. Exceptions are W and Z defined 
below. 


Young’s modulus. 


Moment of inertia of cross section 
of pipe with respect to neutral 
axis of cross section. 


Loading per unit length of pipe in 
the x and y directions, resp. 


Torque per unit length of pipe 
measured positive if turning from 
+x into +y axes. 


Deformation at the point A in the 
x and y directions, resp. 


Angular deformation of pipe ele- 
ment at point A measured positive 
if turning from +x into +y axes. 


Forces acting on pipe at point A 
in x and y directions, resp. 


Torque acting on pipe at point A 
measured positive if turning from 
+x into +y axes. 


Internal forces in x and y direc- 
tions, resp. acting on O due to F,,, 
yay and M,,y. 


Internal torque jn pipe acting on 
QO due to Fy,, Fy,, and 
M,, 


Deformations in x and y direc; 
tions, resp. induced at O by &,, 
85a, @, as if piping system were 
rigid. 


arn 


S.,, S,, ete. 


F,,; Fy, etc. 


F,,; F;, Fo, etc. 


Da, D,, De, etc 


D,, Dg, Do, ete 


Dya, Dwp, ete. 


Sin 


Tia 


Angular deformation induced at O 
by 8.4, 5ya,“@,, aS if piping sys- 
tem were rigid. 


Elements of flexibility matrix of 
pipe between O and S. 


Capital F with capital subscript 
denotes a force matrix with ele- 
ments F,,, etc. 


Force matrix with elements F,,, 
etc. 


Capital D with capital subscript 
denotes a deformation matrix with 
elements EI etc. 


Defoymation matrix with elements 
EI etc. 


Distributed loading deformation 
matrix due to “on-line” distribut- 
ed loading. 


Distributed loading deformation 
matrix due to “off-line” distrib- 
uted loading. 


Distributed loading matrix. 
Transfer matrix relating O to S. 


“Complete” deformation and load- 
ing matrices, resp. 


Performance matrix. 
Transpose of matrix T. 
Inverse of matrix T. 


Flexibility matrix of pipe section 
of length L. 


Flexibility matrix of pipe section 
of length L whose number is n. 


Distributed loading deformation 
matrix of pipe section of length L 
and whose number is n, resp. 


Column i of matrix To,. 
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provide a vehicle for illustrative examples which 
emphasize the chain of calculations that a digital 
computer. must be instructed to do; (iii) to work a 
simple, numerical example which will illustrate the 
construction and uses of the various matrices which 
arise in the abstract development of the reference; 
and (iv) to create familiarity with this type of 
structural analysis so that one may more easily 
judge the merits of this and other methods. 


SIMPLE COPLANAR PROBLEM 


Given a piping system which is anchored at O, 
A and B and lying in the xy plane, as shown in fig- 
ure 1, we are interested in the stresses which occur 
in the system under thermal expansion. 


A 


t 


x 


WMT” 


Figure 1. 


This information may be obtained by “cutting A 
and B free” and computing the thermal expansion 
in the system (by standard formulas for thermal 
expansion). Then the equations relating forces and 
moments at A and B to the deformations at A and 
B are derived. The deformations necessary to re- 
store A and B to their anchored positions, i.e. nega- 
tives of the thermal deformations, are introduced 
into these equations which are then solved for 
forces and moments at A and B. Once these are 
known, stresses throughout the system can be com- 
puted by standard formulas. 

Elementary beam theory is applied to the con- 
figuration shown in figure 2. In addition to the load- 
ings shown in figure 2 we assume the system is 
acted upon by distributed loads and moments which 
we denote by w,, wy, m,, per unit length. 


Fra 
> 
Moa 
Pix.) 
Mp 
Dy 
M 
0 


Figure 2. 


TRADITIONAL DEVELOPMENT 


—_ 
We denote the deformations at A by 8,4, 8y,, 
«,,, and we shall carry out the details only for the 
deformation in the y direction at A, i.e. for 5,,. The 
strain energy, due to bending, in the cantilever O-A 
is given by 


in which the integration variable, s, represents dis- 
tance along the pipe of the point P from the point 
O. We emphasize that s is always positive. 


Deformations at A are given by Castigliano’s 
theorem which yields 


~ aU, aU, aU, 
OF ya 
Thus 
A aM. 
OF 


The moment M,» is the sum of a moment M,», 
due to the applied loading at A and B and M,py due 
to the distributed loadings. We see that 


M,p=M,p,+M. py (2) 
For P between O and C 
M,pa= — (y y) (x x)F, +M,,—(y y)F, 
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For P between C and A 


~ ow 

M,pa= (ya—y) Feat (x,—x) Fy +M,, 
If we consider the effect at P of the distributed 
loads wx, Wy, m, acting on an element of pipe do 
located at (é, 7) we obtain, for P between O and C 


[—we(n—y) +w,(é —x) +m, ]do 


+ [—w,(n—y) +w,(é —x) +m,]do .. (4a) 
=M,,+Myzs; 


for P between C and A 


The notation used in (4b) and (5b) is temporary. 
Introducing (3a, b), (4b) and (5b) into (2) and 
then into (1) leads to 


~ c ~ ~ “~~ ~ ~ 
EI8,,= (—(ya—y) Fy, + (x,—x) Fy, Fin + (x,p—x) Fy, 


+ Mint (xs—x)dst |* 


+(x,—x) Fy, +M,,+My,,] (x,—x)ds 


and we obtain 


A 


~ ~~ 
[—(ys—y) Fin + Fyn (x,—x)ds 


Myn(x,—x)ds 


Similar 


ly 


A 


+|° + Fyn [° 


The equations we seek take a very simple form if 
the right members of (6) and (7) can be freed of 
their dependence on the coordinates of A and B. 
This is accomplished as follows: 

(i) Let Fra, M., be the internal loads ex- 
erted on O due to F,,, Fy,, M,,. Equilibrium re- 
quires that 


~~ ~~ — 
Fya=Fya, Mia=—yaF xatXaF ya (8) 
Three analogous relations may be obtained on re- 
placing A by B. . 
(ii) Let 84, a2, be the deformations induced 
at O, if the system were rigid, by the deformations 
at A. Geometry requires that 


—_ a~ ~ ~ 
Three analogous relations may again be obtained on 
replacing A by B. 
If (6) and (7) are introduced into the above re- 
lation for 8,,, after which (8) is used to eliminate 
the tilda quantities, the result is 


c 
(A c 
+M,;]xds— M,,xds— M,,»xds 
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The equations for 8,,, a,, are derived similarly. 
We next introduce the notation 


8,,=|* xyds, s,=|* yds, S,=|* ds 


so that A,,= . y’ds, etc. In terms of this notation 


the equations for §,,, 5:, and a,, become 


EI8,,—| Myayds— | ° ys 
EI8,,+) Myaxds+| ° + 
Ela,,—| * Meads—| Mynds=A,F,, 


For the deformations at B, a similar derivation 
leads to results which are most easily obtained by 
merely interchanging A and B in the above three 
equations. 

Given a particular piping configuration, the coef- 
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ficients A,,, etc. and the My,s, Mys integrals are 
computed. Numerical deformations would then be 
introduced into (11a, b, c) and into the three analo- 
gous B-equations. The solution of these six equa- 
tions would yield the desired forces and moments 


at A and B from which stresses could be computed. 
In this algebraic form, however, these equations are 
not only awkward to handle, but they do not reveal 
the pattern which enables one to write equations 
for systems with any number of anchors. 


MATRIX FORMULATION 
We define the loading and deformation matrices, 


Fy 
M M 


zA zB 


and the “flexibility” matrix 


Syy S; 
S=|-S, S,.-S —xy x? |as 
s, -S, y —x 1 


in which the equivalence follows from (10). We also 
introduce the temporary notation 


—xy y 


| M, ,yds+ | Mysyds 


Cc 


M,,xds—| ° M,,,xds 


M, ads +| M, nds 


Cc 


together with the analogous Wy, obtained by inter- 
changing A and B. 


The integration 


may be regarded as integration in the s-o plane over 
the shaded region shown in figure 3, taken in the 


Then by matrix multiplication one verifies that 
D,—W,=AF,+CF, 
is equivalent to (11a, b, c). Similarly, we obtain 


The advantages of matrix analysis will be seen if 
one compares the following development with its 
analog in reference (1), equations 36-38. The 
matrix analysis used there led quite naturally to a 
very useful form for (14), ie. a representation of 
Wa, Ws in terms of flexibility matrices which must 
be computed whether w,, w,, m, are considered or 
not. Here, there is no apparent motivation for this 
representation except that it was done in the refer- 
ence. From (5a,b) 


M,,yds=| * yas| — |* w,(n—y)do+ w,(é—x)do+ |* m,do | 


yas{* w.(n—y)do] 


order 1, 2. On interchanging the order of integra- 
tion, i.e. 2, 1, we obtain 


yw, (n—y)ds=— w,ndo yds+ w,do y*ds 


w,(P,,—7P,)do 
in which the P,, P,, are indefinite integrals of ele- 
ments of the flexibility matrix. If this operation is 
performed on the other two integrals in (16) we 
obtain 


M,,yds= | * [w,(P,, —P,) +w, (¢P,—P,,) +m,P,]do (17) 
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From (4a,b) 


Meayds={ ° yds{ —[? we(n—y)do+| | * m,do| 


Since all integration limits are constants, we obtain 


directly 


Mysyds=C,,| w,de—C, w,fdo—C,,| w,do+C, | m,do 


(A,A) 


(P,P) (A,P) 


If the remaining four integrals in (14) are treated 
in the same way and when W, is written down in 
this new form, it is easy to verify that this new form 
is equivalent to 


Pop 1 0 
| 0 || w; | ao 
°L Pp, —P, P,Jl—y ¢ 


Giese 1 0 0-7 w, 
|| | 01 0 | w, 
Cc, —C, C, é 1 m, 
by carrying out the matrix multiplication in the lat- 


ter form. 


We define the symbols 
PTosWds, Won= TosWds ..... (18) 
in which 
w, 100 
w=| w, |. Tos=| 01 0 (19) 
m, xl 


and P,C are given by (13). Then after changing 
§,n,o0 to x,y,s we can write 


W,=Dy,+C Wes 
Similarly, it can be shown that 
Wea 
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By means of these quantities, (15a,b) become 


D,—D,y,—C 
Wea =CF,+BF, (20a, b) 


which are the final forms for the “performance” 
equations of our system. By introducing the quanti- 
ties 


D,—Dya—CWez 
= ’ F,= , 2 
D, “a Cc (21) 


these performance equations become 


in which Z is called the “performance” matrix. The 
solution is given by Fo>=Z"D, in which the per- 
formance matrix Z is inverted, for large systems, 
by digital computer. 


The matrix Tos is called the “transfer” matrix 
and one easily verifies that equations (8) and (9) 
may be written in the matrix form 


~ 


in which TO, is the transpose of To, and , the 
inverse, is obtained merely by changing the sign of 
the coordinates in Toy. 

In order to check some computations in the illu- 
strative example to follow we quote some results 
which follow from (77), (76) of reference number 


1 respectively. 


F,=F,+F,+Wp,+Wen, P between O and C 
=F,+Woea P between C andA.... (24a, b) 


where F; is the total reaction at O due to all load- 
ings at P. And 


D,p=PF,+D,,p+ off line contributions prior to P (25) 


where D, is the deformation induced at origin due 
to Dp. 

As an exercise one might show that the third row 
of (24b) is equivalent to (2), (3b) and (5a). This 
follows from the relations Fp=T>, Fp (23) and 
Tos=TorTps, an important property of the transfer 
matrix which is easily verified. 
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REMARKS CONCERNING THE COMPUTATION 
OF P, Dywp, War. 
From (13) it follows that 


If we provide a formula for S,: 


However, here 


we can determine P by adding formulas of this 
type. From (18), 


so that 


where 


S,_TosWds 


and S, is the indefinite integral of a flexibility 
matrix for a section of pipe extending from Q to 
an arbitrary point between Q and R. 

Consequently, if we provide formulas for Wor 
and Sy. we can compute (27). Then Dyp is ob- 
tained by adding formulas of type (27). 

In reference (1) pipe bends subtending an 
angle 8 are also included. The analogous quantities 
are Sg, Syg. Also in the reference, the basic matrices 
are 6x6 rather than 3x3. Preintegrated formulas for 
the matrices S., Ss, Swi Sws, War are also provided. 
It may now be emphasized that the matrix equa- 
tions and associated quantities derived herein are 
abstractly identical with those in reference (1). By 
reading “discussion of performance equations” in 
this reference and using the formulas provided 
there, one can carry out the computations for a gen- 
eral system with any number of anchors. 


MATRIX EQUATIONS FOR A CLOSED LOOP. 


The configuration is shown in figure 4. The loop 
is “cut” at B and B,, B. are treated as anchors. 
Thus, we are treating a special, four anchor prob- 
lem. It is special because we know that 

F3:,+Fs,=O, Ds,=Ds, 
The performance equations for the four anchor 
problem are 


Da—Dwa—CWer, =AFi+ BF s,+CFs, 
Ds,—Dvws, —B:(Ws,c +Wea+ Wes.) = 
Ds.—Dws.—CWes .... (29) 


On subtracting the second equation from the third 
and eliminating F;, from the first we obtain 


Da—Dwa—CWeos, =AF.i+ (C—B:) Fs. 


—Dvs,3, +B:Ws,2.—(C—B:) Wea = (C—B;)Fi+ (B:—B:) Fs, 


which are the matrix equations for the loop. 
Remark: The performance matrix Z is always sym- 
metric. This formulation for the loop leads to a per- 
formance matrix 


A 

which is also symmetric. In the following, we shall 
only write down the elements on and above the 
main diagonal when the matrix is symmetric. 

The loop equations (30a,b) yield F,, Fp. From 
the original performance equations (29) we can 
compute D,;:, Ds, which should agree. 

The stresses and deformations are computed by 
the rules developed in reference (1) but rappering 
this as a four anchor system. 

The example which follows was anes to illu- 
strate both the method of the reference and treat- 
ment of a simple loop. As stated, formulas for S,, 
Swi, ete. are given for the general case. For this sim- 
ple example, we must derive these formulas from 
(18), (26), (27) and (28) as we proceed. 


ILLUSTRATIVE EXAMPLE 


The pipe sections have been labeled 1 through 8 
so that on 6, for instance, x=x,y=—1, ds=—dx and 
x runs from 4 to 2. Then by means of (26) we 
would obtain S,,, the flexibility matrix for section 
6. With this in mind, we find that 


E(4,1) 
S= 
| © 
Bi2,0) a» Ai8,0) 

Ss Sotyt! 

@ © © 

G2-1) S=S,+4+-x Fi4-0) 

Figure 4. 
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%—1 
8/3 -2], 
2 


% 
16 -4| ’ | 


1 


% 1-% 0 
4 -2|, 


1 


We may now compute the matrices on the right 
side of (29a,b) 


8/3 —9 3 
C—B,=S,, +S,;+S,,= | 116/3 -2 | 


B,—C=S,, +S,.+S,;= | 116/3 | 
4 


16/3 0 0 
B,—B,= (B,—C) +(C—B,) = | 232/3 | 
8 


3 
C=(C-B,) 124/3 -14 | 
6 


8/3 —9 3 
185/3 
7 


Also, for future use, we point out that B,=S,,, D= 
S:i:+S.., ete. Next, our performance matrix 


C-—B, B.—B, 


will be inverted. There are various methods for 
doing this, all of which require much labor, and 
there is no point in the reader making the attempt. 
If there is any doubt, it will suffice to take the in- 
verse Z" listed below and multiply by Z to obtain 
the identity matrix. 


13288 —6644 —4983 
5 

45 —53 —119 

3 us 

1303 —87 —119 —1303 

6 
16613 —45 10401 

1873 5459 

16 16 

356599 

240 
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2 6 -—2 


0 
61/3 | 


2-6 2 
-2|, 56/3 -6] 
1 2 


1 2 


1 


Before computing the distributed loading matrices, 
we can solve the weightless system. Then (30a,b) 


yield 
0 


~ 
EI’ §,,=a,,=0, we find from 


D,=T.1D, that D’, =[8, 0, 0]. Then 
_ 13288 —6644 


5 8, F,,=M,,=0, 5 


~v 
and on taking 


8, 


We find also from (29) that 


0 
0 


At this point, one is cautioned that the actual 
loads and deformations at any point in the system 
must be computed from (23). Thus one finds that 


Fa= 8, =M,,=0 


These loads are expected from symmetry. 


Again from symmetry we expect the loads at E 
and F to be the same. We have 


Fy: and Fe=Tok Fe- 
These yield 


—6644-—— 6644 
Fy= 0 ’ 0 
26576 na 26576 = 
5 5 


The discrepancy in sign is due to the fact that Fp 
is the load exerted on the section from O to P by 
the section leaving P in the_positive s direction. 
With this in mind, F; and F; represent the ex- 
pected physical reactions. 

The deformations at E and F also have this sign 
discrepancy. We have (F 
—B,) F,:+CF, and Dr=T’orDg; 
BF (E—B,) F;.+EF, and The re- 
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z=| A C-B, ] 
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sult of these computations is 


representing an x— deformation and a twist as ex- 


— pected. 
1661 i 1661 a We next include the distributed loading effect. To 
6 6 preserve symmetry so that we have computational 
0 , 0 checks we take 
| 


w w 
w=| 0 |. Then Tex=| 0 fx that from (18) 


2 1 2 1 
0 |» | 0 Woe=| 0 Wro=| 0 


1 2 1 1 
Wer=| 0 | Wro=| | 0 Wea [0 |» 
2 0 


Introducing TosW into (28) we find that 


0 
| | 


and that 
1 py?/3 —y? y?/2 1 —1/24 
4y ~2y || 0 }way=| 
—1/6 
~y?—1 yl 
léy-16 4-4y 
= 
-py®/3 —2y? y?/2 —1/24 
l6y =4y | 0 fway= E 
ytl— 1/6 
Ss =| 2 0 = %iw 
y+1 


Using (27), we obtain 


Dy,=O+ (Bi Swre) +DWprt (EWrc 
+Swrs) +CWoa 


Also, since |, may be salvaged from this last computation, 


By Cc F G 
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OWENS 


The necessary computations lead to 
0 0 —1/24 13/12 
0 1 |w +| |» +] 6 |w +|-2 
0 —1 —1/6 —5 0 
8/3 
1/6 3 
5/6 25/67 11 
Denss=| 14/3 |w +|=16 w +|=% |» +| | w 
1/6 


21/4 Ye 64/3 
+[=13 Vy |» = —224/3 | w 
5 —1/6 24 


We also need the following quantities: 


4 59/3 
Wers=Wert Wrot Wons=| 0 CWens=| ~78 | w, 
3 


30 
8 0 8/ 
Wan = 0 |» 0 } (C—B,)We,= E w 
0 0 3 
8x4 wd 
Since D,=EI | we take 6,,= EI” §,,=a,,=0 


so that D,=| 0 
0 


Then (30a,b) leads to 


— 5—139/ 
—27 


In order to simplify computations, take §= =. 


-6 
This corresponds to §,,~ ae for a 6-inch, 5 pounds 


per inch pipe, and consequently is an admissible but 
small deformation. With this §, we must compute 
F,, Fs: where 


The result is 


531/5 —288/5 
0 |» F,.= |» 
0 —417/10 
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From (29) we obtain 
+BiF 
(B,—B,)F 32 


The result of these computations is 


0 
0 ] 
0 


We next compute loads and deformations at D and 
G. We have 


Fp=F,+Fp 2+ Woe+ Wecot Wer 
+WretWes2tWea 

-1 -1 
3, Fp, Fo=T oh Fo 


and 
Wea) 
The results of these computations are 
283/5 —283/5 —91/40 —91/40 
Fo=| Fo=| 42115 | w, Do=| -422/15 | w 
—206/5 —206/5 — 422/30 422/30 
and 
283/5 ae —283/5 283/24 283/24 
72/5 72/5 —211/15 211/15 


Remark: In computing deformations we must in- 
clude the “anchor” at B,, i.e. we treat this as a four 
anchor problem. 


ILLUSTRATIVE EXAMPLE WITH CONSTRAINT. 


Suppose that A is restrained, rather than an- 
chored, in such a way that 


~ v w 
and F,y,=M,,=0 


Then from the analysis of reference number 1 lead- 
ing to equations (86), we obtain 


+B, (C—B,) Wea (C—B,)t,, B.—B, 


Remark: In the reference equations (84), (86), k 
should be replaced by EI/k. 


In order to duplicate the results of the previous 
example we must take 


We obtain from (19) 

0, 0] 
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Using our former results, we obtain 


EI 7801 
so that 
—139/6 | 7801/3186 8/3 —9 3 ~ 
—24 16/3 0 O Fra 
251/3 -| = 232/3 —24 
_27 8 


Inversion leads to 


«all 
12744 —16867 /67968 
125 

B2 


- 531/5 
Yo 
Fp: —417/10 


~ —288/5 
=, % | 


or 


—417/10 


which agree with our previous results. 
We observe that when constraints are introduced, 


the analysis yields the tilda quantity Fun Then 


~ 
~ Fra 
| 


and we can now compute deformations and stresses 
as before. In particular, the deformations 
which did not enter the above analysis may now 
be determined. 


CONCLUSION 


The fundamental step in this analysis is the in- 
version of the performance matrix Z and when the 
piping system contains many anchors, Z will be of 
high order. Although an “exact” inversion of the 
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0 % —139/6 
0 —3/16 —24 
125/67968 375/67968 251/3 


— 25049 / 203,904 —27 


Z, which was constructed for the foregoing exam- 
ple, was given for illustrative purposes, a “numeri- 
cal” inversion must be used in practice. It is well 
known that such approximate inversions are inac- 
curate because of the large round-off errors in- 
volved (see reference (2), p. 122). In the event 
that this inaccuracy does not satisfy engineering re- 
quirements, it may be partially avoided by basing 
the numerical inversion of Z on the numerical in- 
version of the fundamental flexibility matrices 
which are the block elements of Z. These matrices, 
which are 6x6 in the general case (3x3 in the 
foregoing), may be inverted quite accurately by 
using the perturbation scheme described in refer- 
ence number 2, and then the inversion of Z may be 
done by partitioning in which all matrices are re- 
stricted to 6x6 as described on p. 143 of reference 
number 2. 

After an acceptable inversion of Z has been ob- 
tained and the loadings have been computed, the 
calculations for deformations and stresses involve 
only matrices of low order. 
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ELECTRODE REACTIONS ASSOCIATED WITH 
THE GALVANIC CORROSION OF STEEL 
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protection of cargo tanks and propellers. 


INTRODUCTION 


The galvanic nature of the corrosion of metals has 
been well established. Its main concepts is that posi- 
tive electrical current flows from local anodes on 
the metal through the electrolyte to cathode areas 
on the metal. Electrons flow from the local anodes 
through the metal to the local cathodes. The amount 
of the electrical current is equivalent to the amount 
of metal corrosion that occurs at the local anodes. 
This current must also be equivalent to the cathode 
reactions. 

An important device in the development of the 
galvanic theory of corrosion has been the diagrams 
showing the change in voltage of local anodes and 
cathodes as a function of current or current density. 
Some typical diagrams are shown in Figure 1. 

Over the years there has been much study of elec- 
trode reactions, particularly hydrogen overvoltage 
studies. These efforts have resulted in some notable 
advances in corrosion theory. Recent articles by 


Stern review these studies and introduce some new 

Diagrams similar to those in Figure 1 are admit- 
tedly simplifications. They have been useful in ex- 
plaining the mechanism of cathodic protection, of 
corrosion inhibitors, and preferential electrode reac- 
tions, among other phenomena. However, these dia- 
grams tend to obscure some important facts. 


| | CATHODE 
ie | 
Hay 


CURRENT DENSITY 
MIXED CONTROL CATHODIC CONTROL  ANODIC CONTROL 
Figure 1—Local Electrode Polarization Diagrams. 


A.S.N.E. Journal, February 1960 171 


l- 
i- 
ll 
1- 
ait 
1g 
n- 
es 
S, 
ne 
oy 
be 
ice 
he 
ive 
for 
'ro- 
lied 
| 
ANUUT 


GALVANIC CORROSION AND ELECTRODE REACTIONS 


GALVANIC CORROSION DIAGRAM FOR IRON 


The reactions that are believed to be most impor- 
tant in the corrosion of iron are the oxidation of 
neutral iron to ferrous ions, the reduction of dis- 
solved oxygen, and the liberation of hydrogen. The 
possible importance of the reduction of ferric ions 
to ferrous ions is discussed in a separate section. 

The equilibrium potential for the reaction 


is calculated to be —0.769 volts S.C.E. (saturated 
calomel electrode), at a pH of 8.'° The calculation 
assumes a solubility product for ferrous hydroxide 
of 1.810". This is the figure usually accepted. 
There is much uncertainty as to the true value.” 
A. J. deBethune’® calculated the equilibrium cur- 
rent from data by Wesley’ as about 0.1 m.a./sq-ft. 
The rest of the anodic curve for iron in Figure 2 is 
plotted from Wesley.’ The author checked this curve 
from 100 to 700 m.a./sq. ft. with excellent agree- 
ment. This curve follows the Tafel relation with po- 
larization being proportional to the logarithm of the 
current density. This indicates that concentration 
polarization is not important in this reaction. 


OXYGEN-CATHODIC 


ELECTRODE POTENTIALS ( VOLTS TO SCE) 


IRON-ANODIC 
4 
lap DECOMPOSITION OF WATER-CATHODIC 7 
001 01 10 10 100 1000 


CURRENT DENSITY ( MA/FT*) 
Figure 2—Activation Polarization for the Corrosion of Iron. 


The hydrogen liberation curve comes from Figure 
3 of a paper by Stern." In this figure it is shown that 
when the limiting diffusion current for hydrogen is 
exceeded, the relation 


E=—0.924—0.174 logi (S.C.E.)....... (2) 


holds. E is the potential of the electrode in volts and 
i is the current in microamperes per sq. cm. This is 
almost the same for i expressed as m.a. per sq. ft. 
(1 microampere/sq.cm.=0.929 m.a./sq.ft.). This part 
of the curve presumably represents the decomposi- 
tion of water. Also, the curve is independent of pH 
from 1.42 to 5.26. Therefore it seems safe to apply 
this equation to a solution of pH 8. 

If we consider the reduction of H* ion instead of 
the decomposition of water, we find that the limiting 
diffusion current for hydrogen ion at pH 8 is 1.33 
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ELECTRODE POTENTIALS ( VOLTS T0 SC.E) 


0 8 16 = 24 


CURRENT DENSITY (MA/FT*) 


Figure 3—Electrode Polarization for the Corrosion of Iron, 
Neutral and Alkaline Solution. 


Curve I—Oxygen reduction—cathodic 

Curve II—Fe—>Fe*+ + 2e—Anodic 

Curve IIlI—Hydrogen liberation by the decomposition of water 

On Curve I, ABC represents activation polarization. BD repre- 
sents the contribution of concentration polarization. 


10° m.a./sq.ft. This is calculated from Stern’s for- 
mula." 
log i, =—0.845—pH............. (3) 


The equilibrium potential for the reduction of hy- 
drogen ion is’?° 


E=—0.0592 pH—0.254 (S.C.E.)....... (4) 


The equilibrium potential is —0.728 volts (S.C.E.). 
However, at this potential the current from the de- 
composition of water as given by equation (2) is 
6.110" m.a./sq.ft. Therefore, the reduction of H* 
is negligible compared to the decomposition of water 
in neutral and alkaline solutions. This curve also ap- 
pears to have no concentration polarization. 

There are very little data for the curve on the re- 
duction of oxygen. A good qualitative curve can be 
obtained by using these data with some assumptions 
that are well established among students of electrode 
processes. 

It is now generally accepted that the polarization 
at an electrode is the sum of an activation over- 
voltage and a concentration overvoltage. Addition- 
ally, there may be an ohmic potential in the values 
of the voltage. The activation polarization is propor- 
tional to the log of the current. This permits us to 
draw this part of the curve from very few points. 
The effect of concentration polarization can be cal- 
culated very accurately if we know the limiting dif- 
fusion current for oxygen." It should also be noted 
that very large errors can exist in the current den- 
sity data without greatly changing the position of 
the activation curve. 

Pourbaix’® shows the equilibrium potential for 
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Table I—Corrosion Rate of Steel Under Various Conditions 


Corrosion 
Rate 
m.a./sq.ft. Comment Reference 
10 Average corrosion rate, rust covered steel, in sea water 
30 Tap water in steel pipe saturated with air, 15 ft/min Groesbeck and Waldron“ 
40 Theoretical value for a diffusion layer 0.5 mm thick, clean steel Glasstone” 
107 Clean steel 7.2 ft/sec, sea water —0.617 volts S.C.E. May and La Que” 
120 Clean steel 7.8 ft/sec, sea water —0.600 volts S.C.E. Copson” 
320 & 417 Clean steel in moving salt water Delahay™ 


dissolved oxygen as a function of pH. In water with 
a pH of 8, the equilibrium potential is +0.51 volts 
(S.C.E.). The equilibrium current is assumed to be 
0.1 m.a./sq.ft. For a second point, Kolthoff and Lin- 
gane” give a reduction current of 1170 m.a./sq.ft. 
at —0.70 volts (S.C.E.) before any concentration 
polarization develops. These data were obtained 
with a rotating platinum electrode but they are con- 
sistent enough with the various results shown for 
iron in Table I. This table gives corrosion rates un- 
der a number of various conditions. These corrosion 
rates are believed to be equal to the limiting dif- 
fusion current for oxygen. The reason for this be- 
lief is discussed in connection with Figures 2, 3, and 
4. 

The equilibrium point and the Kolthoff data are 
used to draw the oxygen curve in Figure 2. This 
curve represents the activation polarization of oxy- 
gen with no concentration effect included. 

The curves from Figure 2 are replotted in Figure 
3 using voltage versus current density. These show 
the shape of the curves in a form more commonly 
used by engineers. The effect of concentration polar- 
ization is added to the oxygen curve assuming a 
limiting current for oxygen of 40 m.a./sq.ft. This is 
the calculated theoretical value for clean steel in 
static sea water.*! The change in voltage is given 


OXYGEN REDUCTION 
— HYDROGEN LIBERATION 


CURRENT DENSITY (MA/FT”) 


Figure 4—Electrode Polarization with Natural Film on 
Steel Surface. 


by the formula’? 
AE=0.015 log 


where AE is the concentration potential, i, is the 
limiting current for oxygen, and i is the actual elec- 
trode current. 

According to Figure 3, the corrosion rate would 
be about 40 m.a./sq.ft. This was based on the theo- 
retical diffusion current for oxygen on a clean iron 
surface. However, iron submerged in water quickly 
develops a coat of oxide and the more usual corro- 
sion rate is about 10 m.a./sq.ft. This four-fold re- 
duction in corrosion rate is believed to be due to the 
covering ability of the oxide. Effectively, this re- 
duces the reacting surface area to % of the origi- 
nal value. This may also tend to increase slopes of 
the activation curves by a factor of 4. The result is 
shown in Figure 4. It is believed that the curves in 
this figure are representative of typical corroding 
steel in natural environments. 


The intersection of the oxygen curve and the ano- 
dic curve for steel is the corroding potential. If the 
limiting current for oxygen is increased or de- 
creased, the corroding potential shifts along the ano- 
dic curve for steel. The limiting current can be de- 
creased by formation of a thick oxide film or a 
calcareous coating, for example. This current can 
be increased by cleaning the surface and by stirring. 
Apparently with a high rate of stirring the limiting 
current can be increased past the intersection of 
oxygen activation curve and the iron anodic curve. 

Some justification for the oxygen curve is in or- 
der. The upper limit of voltage, the equilibrium po- 
tential, is accurate enough. If the highest rate in 
Table I for freely corroding steel is accurate, the ac- 
tivation curve for oxygen can not be much steeper. 
If this curve is much flatter, even horizontal, no im- 
portant change in Figure 3 would result. The cor- 
rosion rate and potential would still be controlled 
by the intersection of the limiting current for oxy- 
gen and the anodic iron curve. 

Using Figure 4, we can see that applying cathodic 
protection would produce little change in voltage 
until protection is nearly complete. If 8 m.a./sq.ft. 
of current are applied from an auxiliary anode to 
the system in Figure 4, the corrosion current would 
be reduced from 10 m.a./sq.ft. to 2 m.a./sq.ft. The 
potential of the corroding steel would have moved 
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NELSON 


along the anodic curve for iron. The voltage change 
would have been about 0.03 volt. If the applied cur- 
rent were increased to about 9.9 m.a. per sq. ft., the 
potential would be lowered to —0.77 volts and the 
corrosion current would be reduced to 0.1 m.a./sq.ft. 
This corrosion rate is 1 per cent of the original rate 
even though the potential is at the equilibrium 
value. For each additional lowering of the potential 
by 0.04 volts, the corrosion rate is reduced an addi- 
tional nine-tenths. 

As the electrode potential is decreased below —0.8 
volts, the liberation of hydrogen also begins to rep- 
resent a significant amount of current. The reduc- 
tion of oxygen continues at the limiting current rate. 
The total of these two currents equals the applied 
current shown in Figure 5. The position of the verti- 
cal part of the curve will be shifted to the right or 
left as the limiting diffusion current of oxygen may 


vary. 
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Figure 5—Application of Cathodic Protection to Steel with 
a Natural Film. 


THE EQUILIBRIUM POTENTIAL OF IRON 


A straight line has been drawn in Figure 2 to 
represent the cathodic reduction of ferrous ions to 
metallic iron. The anodic and cathodic curves are 
shown to intersect at —0.77 volts where, of course, 
the two currents are equal. The graph shows that 
the two reactions are always occurring. The anodic 
current increases at higher voltage and the cathodic 
current at lower voltages. The voltage at equilibrium 
can be calculated from certain thermodynamic meas- 
urements. This voltage is often considered as a fun- 
damental property of the electrode. As important as 
this quantity is, it should be remembered that it is 
a defined term. Considering either the anodic or 
cathodic curves alone, there is nothing exceptional 
about this point. As it has been defined, this point is 
merely the crossing of the two curves. 

At the equilibrium potential the condition Fes 
Fe**+2e is said to exist. However, the reaction is 
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only in one direction at any point at any given in- 
stant. This equation is a true statement as a summa- 
tion for many points and perhaps even over a finite 
time interval. This gives a picture of local anodes 
and cathodes on a microscopic scale. All the proper- 
ties that apply to large size galvanic cells probably 
apply to these microscopic ones. 

If a piece of iron were immersed in a solution 
where Fe>Fe* and Fe*t>Fe were the only reac- 
tions possible, there would be no loss of weight at 
the equilibrium potential. In a solution with a low 
concentration of ferrous ions in the bulk, these ions 
would be lost from the electrode surface by dif- 
fusion. The equality of current could then be main- 
tained by the reduction of oxygen or of water. Also, 
the removal of Fe** ion by the formation of the more 
insoluble ferric oxides is a possibility. 

The purpose of cathodic protection is to reduce 
the corrosion rate to a sufficiently low figure. This 
is not a theoretical figure but an economic figure. 
The rate selected may or may not coincide with the 
equilibrium rate. For iron the equilibrium current 
seems to be a fairly low value. A more negative 
value would mean a smaller corrosion current. 

To date the criterion for cathodic protection has 
usually been established by determining weight 
losses on steel panels held at various voltages. The 
arguments in this paper support this method over 
any theoretical approach. Also, it can be seen that 
the corrosion rate and the amount of current re- 
quired for cathodic protection depends on the limit- 
ing diffusion rate for oxygen. The limiting diffusion 
current depends on the surface conditions of the 
steel and concentration of oxygen in the corroding 
solution. It further depends on any calcareous de- 
posits, and especially it depends on the amount of 
stirring. This indicates that any effort to select a 
current density as a criterion for cathodic protection 
will not be very meaningful, since each case depends 
on its own environment. 


AUTOREDUCTION OF FERRIC OXIDE 


The electrode reactions discussed so far have 
been: 
Anodic Fe>Fe**+2e 
Cathodic O.+2H.0+4e—4 OH- 
2 H.0O+2e-2 OH-+H. 
Fe*+2e—Fe 


Another cathodic reaction that may be important is 
the reduction of ferric to ferrous iron. Figure 1 of 
Pourbaix’® shows the equilibrium potentials for the 
various valence conditions of iron. This clearly 
shows that corroding iron is negative enough to 
serve as the anode in a local cell with Fe***+e— 
Fe**+ being the cathode reaction. A simplified form 
of this diagram is given in Figure 6. This assumes 
the solubility of Fe** as 3 ppm.” At pH 8, and solu- 
bility product of 5.510", the reaction Fe>Fe**+ 
2e- has a potential of —0.805 volts (S.C.E.). The re- 
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duction of ferric oxide occurs at 0.62 volts (S.C.E.). 
Pryor and Evans"* investigated this process in acid 
solution. Pourbaix’s diagrams suggest that it can oc- 
cur at higher pH. The electrolytic descaling process 
also suggests this possibility. Oswin and Cohen’ 
studied the process at pH 8. They obtained a reduc- 
tion rate of 4 m.a./sq.ft. at an electrode potential of 
about —0.7 volts S.C.E. Under freely corroding con- 
ditions, they report a range of 2-4 m.a./sq.ft. This is 
a significant amount of current considered against 
the average corrosion rate of 10 m.a./sq.ft. This 
means that once an oxide layer forms, it can sup- 
port additional corrosion. Where cathodic protection 
is applied intermittently, as in a ballast compart- 
ment in a tanker, this reaction may use up current 
from the magnesium anodes. If ferric oxide forms 
during the non-ballast period, it will be reduced 
during the ballast period. 


The autoreduction process may have additional 
importance. The discussions using the polarization 
diagrams assume that certain points are anodes and 
other points are cathodes. We need additional infor- 
mation on why local anodes and cathodes occur. 


The local anodes are generally believed to be bare 
iron. The local cathodes are surfaces where O., H*, 
H.O, and Fe** can be reduced. By the theory of po- 
tential gradients,”° current can not flow in opposite 
directions from the same point at the same time. 
There must be some barrier that prevents anodic 
action at some points in order that cathodic action 
may occur. Also, measurements show that the catho- 
dic reactions occur at relatively more positive po- 
tentials. If bare iron exists at these potentials, the 
reaction would be anodic. For these reasons the local 
cathodes are believed to be areas where the metal 
is coated. This coating must prevent the iron from 
being an anode. Also, the coating must be an elec- 
tron conductor to support the cathode reactions. 
Alpha Fe.O, is believed to be such a coating. An ex- 
ample of a different type would be a metal coating 
such as copper. There is also reason to believe that 
heavy oil films can play the same role in limiting 
the anode area and still permit cathode reactions to 
occur. 


A piece of steel usually is covered with an oxide 
or quickly becomes coated in water. The oxide film 
is the site for cathode reactions; holes or weak 
points in the film are sites of the local anodes. This 
is a satisfactory picture in a limited sense. If this 
state continued, pitting would always result. Ob- 
viously, since fairly uniform corrosion is the gen- 
eral case, the anode and cathode sites must swap 
places. 

An explanation is that current from the local iron 
anodes reduces the Fe.O, at the cathode sites caus- 
ing it to cease to be protective. Also, at these sites 
O. is diminished. Dissolved oxygen has been found 
to aid in keeping a protective film. An opposing ef- 
fect is the increase of pH due to the formation of 
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Figure 6—Stable Phases of Iron as a Function of Potential 
and pH (Pourbaix”) 


hydroxyl ions. If these ions diffuse away from the 
surface, the reduction of ferric ion may still occur. 
See Figure 6. These areas might now become local 
anodes. 

At the local anodes there is Fe** in solution and 
no depletion of dissolved oxygen. Also, hydroxyl 
ions from the cathodes may raise the pH sufficiently 
to cause Fe.O; to precipitate on the surface of the 
iron. Polarization of the iron anode could raise the 
potential so Fe,O, may be stable. By these argu- 
ments these areas may become local cathodes. 

The process of autoreduction would favor general 
corrosion. Any interference with this exchange of 
local anodes and cathodes would favor pitting. Oxy- 
gen gradients might satisfy this condition. This may 
be the explanation of pitting that occurs in tanks 
holding crude oil and heavy oil products. A heavy 
oil flow film may limit the anode area but not limit 
the cathode reactions. The anodes are “weak” places 
in the oil film. To have much current flow from these 
anodes to the large cathodes there must also be a 
water layer of substantial thickness. Often this is 
provided by sea water used as ballast. There proba- 
bly must be a time sequence that allows the protec- 
tive oil film to develop before the water layer is 
formed. A permanent water layer might keep the oil 
film away from the metal. This would permit gen- 
eral corrosion rather than pitting. 


SUMMARY 


1. A polarization diagram is given that seems to 
fit the corrosion of iron in neutral and alkaline 
water. 

2. Calculations are given which indicate that the 
liberation of hydrogen in neutral and alkaline solu- 
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GALVANIC CORROSION AND ELECTRODE REACTIONS 


NELSON 


tions is due to the decomposition of water and not 
to reduction of hydrogen ions. 

3. The relation of the equilibrium potential to cor- 
rosion is discussed. It is argued that the criterion for 
cathodic protection can only be a practical one. 

4. “Autoreduction” is suggested as the process 
that causes general corrosion. Interference with au- 
toreduction may produce pitting. 
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The first German warship built in France since 1858 was recently com- 
pleted. She is the coastal minesweeper VEGESACK, displacement 362 
tons, and the name ship of a class of six ordered by the German Federal 
Navy. The ship, similar to the MERCURE, a very recent French mine- 
sweeper, is entirely non-magnetic and built of wood, except for some 
light alloy used inside for accommodation and for the bridgework. She 
has a length of 145 ft. and a beam of 26 ft. She is propelled by two Mer- 
cedes-Benz diesel engines developing 1300 hp each. Two variable pitch 
propellers provide a speed slightly in excess of 15 knots. The armament 
includes two 20mm. A. A. guns on a single mounting. Sweeping equip- 
ment is provided for conventional, magnetic, and acoustic mines. 


—from SHIPBUILDING AND SHIPPING RECORD 
September 24, 1959 
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Morocco. 


By way of introduction, the push method of mov- 
ing barges and lighters on inland waterways is a 
system wherein the vessel used to push (called a 
tug-pusher in the Soviet Union and a towboat in the 
United States) nestles astern of the tow and is rig- 
idly moored thereto. Steering is accomplished by the 
use of the pusher’s engines and rudders. In this 
manner the push system is distinguished from the 
usual method of towing, wherein the units being 
towed are strung out astern of the tugboat. The 
pushing idea is not a new one, having originated, 
according to some sources, as early as 1927 on the 
Danube River in Europe. It appears, however, that 
the towboat, or tug-pusher, as it has evolved today, 
is patterned after a type which developed in the 
United States for use on the Mississippi, Ohio, 
Monongahela and other rivers. 

Developments in the United States were observed 
with great interest by the Soviet Union and the first 
experiment in that country took place in 1931. At 
that time a steam propelled, paddle wheel tug of 
200 horsepower named Tretiy was snuggled in be- 
tween two barges moored to a third barge, the rud- 
der of which was pointed forward. The load of 1,500- 


tons was pushed upstream along the Volga River in 
the Saratov region as a rigid unit, steering being 
accomplished by the rudder of the lead barge. These 
experiments continued right up to the outbreak of 
World War II, but always with a tugboat serving 
as the pusher. 

It was not until the post war years that the true 
pusher evolved in the Soviet Union, and this evolu- 
tion came about as the result of careful study of 
methods and design used in the United States, as 
well as because it had become apparent that en- 
tirely too many men were being used to man the 
barges and lighters. In this latter connection it may 
be observed that Soviet barges have not, as a gen- 
eral rule, been equipped with other than hand op- 
erated capstans, winches and rudders, with the re- 
sult that two or three men are needed to handle 
each barge. Evolution of a practical unit for push- 
ing has, beyond the proven savings resulting from 
increased speed of movement, resulted in a reduc- 
tion in the labor force needed and has also reduced 
costs to build barges and lighters since living ac- 
commodations and auxiliary installations needed to 
make the craft habitable have been eliminated. As 
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early as 1954 it was announced, for example, that 
the 210-horsepower tug Sudovodityel was pushing 
four crew-less barges of 350 tons capacity each on a 
regular run between Bezvodnoye and Gorkiy and 
that by so doing was ringing up a saving in wages 
alone of 38,000 rubles. 

Considerations such as these have lent impetus 
to the tug-pusher development program in the 
Soviet Union and, at the same time, Soviet engi- 
neers have kept careful watch over the activities of 
United States designers and builders of towboats. 
While the details of the true pusher were outlined 
in 1954, Soviet efforts, in general, were directed 
towards a large scale conversion program for both 
barges and tugs. At the same time orders went out 
to all steamship lines on all rivers to take a sharp 
look at this “progressive” method of moving barges 
and to make every effort to step up its use. Lack of 
properly designed conversions, for both tugs and 
barges, created problems which tended to discour- 
age use of the method, however. Yet, despite these 
difficulties it was claimed that 16 percent of all ton- 
nage moved on the rivers in 1955 was pushed and 
a goal of 50 percent was set for 1960. These per- 
centages were, and are to be, attained primarily by 
the use of converted units. At the same time the 
river fleet has been provided with an increasing 
number of tug-pushers ranging in horsepower from 
150 to 1340, with large units up to 2400 horsepower 
in the planning stage. The basic difference between 
these tug-pushers and United States towboats is 
that the Soviet units can be used to tow as well as 
to push, hence the dual designation. 

Basic Soviet units are small, 150 and 300-horse- 
power diesels, a 600-horsepower diesel-electric which 
is to be used around the various canal locks, a lake- 
type diesel designated as OT and rated at 800 horse- 
power, the 1200-horsepower Zelenodolsk-class diesel, 
and the Plevna-class of diesel at 1340 horsepower. 
At present Soviet tug-pushers are pygmies when 
compared with the towboat United States, which 
develops 8500 horsepower and is capable of pushing 
40 barges loaded with 40,000 tons of cargo, but they 
are comparable in many ways to such United States- 


built towboats as the 1280-horsepower, stainless 
steel H. B. Jordan, or the 1600-horsepower Humph- 
rey. The table below provides basic data for pres- 
ent day Soviet tug-pushers. 

The engineers and designers arrived at their fig- 
ures for overall length as a result of conclusions 
based on the space needed for machinery, living 
quarters and work areas, so as to obtain the mini- 
mum permissable relationship between length, beam 
and height of side as well as length, beam and draft 
relationships. Beam figures also had to take into 
consideration stability requirements when the 
pusher acted as a tugboat. Height of side determina- 
tions were based on calculations combining antici- 
pated draft and the freeboard needed to ensure sta- 
bility, as well as to ensure that the tug-pusher 
would stay afloat when fully loaded with stores and 
fuel with any one compartment flooded. 

These relationships were carefully checked against 
similar relationships in units built abroad, data were 
compiled by testing vessels built as class leaders, 
and from various statistical materials. In addition, 
length to horsepower relationships were obtained 
by assigning certain constants to specific types of 
engines and then using the constants as well for 
beam to horsepower relationships. All such con- 
siderations were based on the vessels concerned 
carrying fuel and stores sufficient for from 15 to 20 
days of operations. 

Comparison of length, beam and draft to horse- 
power relationships for Soviet tug-pushers with 
those obtained from figures for towboats built in 
the United States show that both are within the 
same approximate range for a given horsepower. 
Perhaps the basic difference between the two types 
is that the Soviet tug-pusher is used not only on the 
river, but must also put out on the lakes and on the 
huge reservoirs formed as a result of the construc- 
tion of the various hydro-electric stations. Consider- 
ation must, therefore, be given to the need for ad- 
ditional freeboard and to matters connected with 
stability beyond that normally required for craft 
used solely on rivers. Machinery and equipment in- 
stalled in the tug-pusher runs to from 10 to 12 per- 


CHARACTERISTICS OF SOVIET DESIGNED TUG-PUSHERS 


Element River Lake 
Length, feet 34.4 52.5 69.0 95.0 715 126.0 130.0 130.0 
Beam, feet 11.5 118 17.0 21.3 25.6 26.8 29.5 29.5 
Height of side, 

feet 5.3 43 8.2 98 10.5 11.5 11.5 
Mean draft, full 

stores, feet 3.6 2.7 59 7.0 7.0 7.0 7.0 
Displacement, tons 147 183 417 467 492 
Coefficient of 

form, displacement 578 576 506 .620 633 635 
Engine type 3D6 3D6 3D6 3D6 7D12 6DV-148 6DR-30/50 8DV-148 
Horsepower 150 150 2x150 2x150 2x300 2x400 2x600 2x670 
RPM 1500 1500 1500 1500 1500 275 300 300 
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cent of the empty weight of the vessel, a relation- 
ship which is higher than that for the tugboat in the 
Soviet Union. In fact, the weight of the hull per 
unit LBH for tug-pushers now building is about 
equal to that for lake-type tugs and is, in fact, less 
than the comparable figure for Soviet seagoing tugs. 
It would, therefore, appear that the Soviet tug- 
pusher falls somewhere between the lake tug and 
the seagoing tug in its characteristics. 


The greatest difficulty encountered thus far in the 
construction of the tug-pushers, a difficulty which 
dates back to the origins of pushing in the Soviet 
Union, is concerned with the design of suitable 
propeller-rudder combinations. Obviously, dependa- 
ble, as well as efficient, steering and maneuvera- 
bility is a “must” when the tow itself is usually 
several times the length of the pusher. Two main 
types of combinations are presently in use, both 
within the Soviet Union and abroad: (1) propellers 
with fixed hoods or shrouds (the Kort nozzle or a 
modification thereof) and rudders and (2) propel- 
lers with pivoted hoods or shrouds fitted with stabil- 
izers, eliminating the need for rudders. The first of 
these has found wide application abroad. Towboats 
built in the United States use one rudder per pro- 
peller as a minimum. The towboat United States, for 
example, is fitted with four steering rudders and 
six flanking rudders. More recent tug-pushers built 
in the Soviet Union, such as the OT-class, of 800 
horsepower, are equipped with pivoted hoods fitted 
with stabilizers, one for each of the two propellers. 

During trials of the first of the class, OT-801, it 
was found that the optimum tow was either one 
6000-ton capacity oil barge or two dry-cargo barges, 
each of 2680-tons capacity, moored in line astern. 
By contrast, the United States-built towboat 
Humphrey, which is exactly double the horsepower 
of the OT-801, is capable of handling eleven barges 
with a total of 9900 tons. Data obtained during trials 
of OT-801 showed a loading of 6.5-7.5 tons per 
horsepower while test speeds of 6.5 to 7 knots were 
attained while pushing upstream. Comparable load- 
ings for United States and Humphrey, based on an- 
nounced capabilities, are 4.7 and 6.2 tons per horse- 
power, respectively. Soviet sources point out that 
their research has developed a range of from 4.5 to 
7.5 tons per horsepower for towboats built in the 
United States, indicating the care with which devel- 
opments here are followed. 

So far as pushing speeds are concerned there are 
too many variables involved to attempt a compari- 
son. One must take into account such factors as the 
particular stretch of the particular Soviet river on 
which the tug-pusher is operating, the season of the 
year and, hence, the available water depth, the ef- 
ficiency of the propeller or nozzle fitted to the par- 
ticular unit, the type of barge being pushed, and 
many other factors. 

One factor which is of paramount importance, 


however, is the physical configuration of the par- 
ticular river. In the Soviet Union the bends in river 
channels limit the length of push tows somewhat as 
follows: (1) for the OT-class the length of the tow 
is limited to not over 560 feet while (2) for the 
Zelenodolsk-class of 1200 horsepower the length is 
limited to 660 feet. As a general rule the maximum 
length permissible on the Volga River is on the or- 
der of 825 feet, whereas on the Kama River the 
maximum permissible is 700 feet. It is only by limit- 
ing themselves to these lengths that Soviet design- 
ers can attain required turning speeds of 23 to 25 
degrees per minute and turning circles with a di- 
ameter 21 to 3 times the length of the tow, includ- 
ing the pusher. In turn, tows of these lengths re- 
quire elevated wheelhouses in order for the pilots, 
or pusher captains, to have proper visibility. 

Initially these elevated wheel houses were a 
make-shift, erected on stilts above the regular house 
on converted tugs. At present this arrangement has 
given way to an integral type construction so that 
the height of the wheelhouse from the waterline 
is between 19 and 22 feet. Experience on Soviet 
rivers has shown, however, that these heights are 
inadequate when the tow is made up of empty 
barges riding high in the water. As a result, in or- 
der to obtain needed visibility, the empties are 
towed conventionally. It is now indicated that, in 
order to obtain needed visibility for pushing any 
type of tow, a tug-pusher of the Plevna-class, of 
1340 horsepower, would require an elevation of 26 
feet for its wheel house, rather than the present 22 
feet. 


Rounding out new developments, all auxiliaries 
in Soviet tug-pushers have been electrified. The 
OT-class is fitted with two DG-25 diesel-generators 
of 25 kw each; the Zelenodolsk-class uses two DG- 
50 diesel-generators of 50 kw each; the Plevna-class 
has two DV-224 diesel-generators of 63 kw each. In 
addition to these units both the OT and Plevna have 
two shaft generators each, the former of 25 kw, the 
latter of 30 kw, which provide all the power needed 
when the vessels are operating at full and half 
speeds. All generators are alternating current, 230 
volts. The installed power is sufficient for feeding 
the deck machinery installed on the barges, as well 
as the tug-pusher itself. 

Remote engine controls are installed in the wheel 
house for all classes of tug-pushers, with additional 
controls in the engine room for the OT and Zeleno- 
dolsk classes. Auxiliary boilers are automatically 
fired and various other processes have been mecha- 
nized as well. 

Heavy stern anchors have been fitted to cope with 
the problem of bringing a heavy downstream tow 
to a sudden stop, as well as for use in working with 
barges not fitted with anchors. However, just as ex- 
perience with the operational units has revealed 
various faults, so too have faults developed in the 
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anchor design. In force 8 or 9 winds the holding 
power of the anchors fitted to the tug-pushers has 
proven to be inadequate and replacement will be 
required in order to provide necessary safety. 

For the future, then, Soviet designers are faced 
with problems dealing with alterations to existing 
designs and are also engaged in development of 
various sized barges and lighters to be used with 
the tug-pushers now in service and on the drawing 
boards. A recent innovation, again an apparent bor- 
rowing from United States practice, is the use of 
the “sectional tow,” or “composite tanker.” While 
such tows in the Soviet Union do not approach the 
number or size of similar movements on United 
States rivers, the economic advantage of such tows 
on the Volga River has already become apparent to 


Soviet economists. As an example, Zelenodolsk was 
rigidly coupled to a 12,000-ton capacity oil barge, 
just about the largest barge handled on the lower 
Volga, and was operated as an integral unit between 
Astrakhan and Gorkiy. The unit made the run in 8 
days at a cost of 5.25 rubles per 1000 ton-kilometers, 
whereas a tug, towing an identical barge, not only 
took longer but cost 5.83 rubles per 1000 ton-kilo- 
meters. 

Soviet transportation economists and engineers 
now feel that the tug-pushers are of considerable 
importance for the future, coupling as they do lower 
costs with faster turnaround. Accordingly, it can be 
expected that development of the tug-pusher will 
continue, paralleling the best that develops in the 
field of pushing not only in the United States, but 


in Europe as well. 


Various deficiencies are found in the projections used for world maps 
when they are considered for lunar mapping. The Mercator projection 
would omit the moon's important polar areas. The various commonly used 
projections such as conic, cylindrical, gnomonic and orthogonic all intro- 
duce unacceptable distortions when used for an entire hemisphere. The 
Lambert Azimuthal projection most nearly meets the requirements; but it 
produces undesirable distortions toward the edges. 

As a result of these conclusions, the Army Map Service has modified 
the stereographic projection to suit the requirements for a lunar map. 
This projection, as used for world mapping, is developed on a plane tan- 
gent to the sphere. The tangency point is chosen as the center of the area 
to be mapped. Lines of latitude and longitude and features to be mapped 
are projected onto this plane by imaginary rays emanating from a point 
on the surface of the sphere diametrically opposite to the point of tan- 
gency. Distortion in this system increases with the distance from the point 
of tangency. In the modified projection, the imaginary rays emanate from 
a point approximately 7/26 of a diameter beyond the rear surface oppo- 
site the point of tangency. This projection will reduce the scale and shape 
distortions to an acceptable compromise. For instance, radial displace- 
ment from true position increases from zero at the center to a factor of 
1.1 at some distance from the center, and then decreases to zero at the 
edges. Tangential distortion increases from zero at the center to a maxi- 
mum factor of |.85 at the edges. While this is the most suitable projec- 
tion thus found, the Army Map Service is continuing its investigations of 


other projections. 
—From THE MILITARY ENGINEER, . . 
January-February, 1960 
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The Naval Engineering world 
was shocked and grieved at the 
announcement of the death, on 
14 November 1959 of one of the 
outstanding naval architects, 
naval administrators and edu- 
cators of all times—Vice Ad- 
miral Edward Lull Cochrane. 

Admiral Cochrane’s death 
occurred just a few hours after 
he had culminated the highly 
successful annual meeting of 
the Society of Naval Architects 
and Marine Engineers by the 
presentation of the first David- 
son Medal of that Society, post- 
humously to Dr. Kenneth S. M. 
Davidson at Stevens Institute 
of Technology. 


Admiral Cochrane, born in 1892, graduated from the Naval Academy in the class 
of 1914 with distinction. In June 1917 he was transferred to the Construction Corps of 
the Navy with the rank of Lieutenant (junior grade). In June 1940, when the Con- 
struction Corps was amalgamated with the Line of the Navy, he was designated for 
engineering duty only in the line. On 1 November 1942, he was appointed Chief of 
the Bureau of Ships with the rank of Rear Admiral, later Vice Admiral. His last 
naval billet was Chief of the Material Division (later to become Chief of Naval Ma- 
terial) in the office of the Assistant Secretary of the Navy, to which he was ap- 
pointed in November 1946. He retired from active duty on 1 November 1947. After 
retirement he served as Head of the Department of Naval Architecture and Marine 
Engineering at the Massachusetts Institute of Technology (1947-1950); Chairman, 
Federal Maritime Board and Maritime Administrator, Department of Commerce 
(1950-1952); Dean of Engineering, M.LT. (1952-1954); and Vice President, Indus- 
trial and Governmental Relations, M.I.T., from 1954 until his death. 

A recitation of Admiral Cochrane’s achievements and of the many awards made 7 
to him by his own and other governments and by professional societies and groups 
which acknowledged his technical leadership would compare with that of any na- 
tional leader. All of these are overshadowed by the sincere respect, admiration and 
love which were held so sincerely by the thousands who knew him during his most 
active and constructive career. 

Admiral Cochrane served as President of the Society of Naval Architects and Ma- 
rine Engineers in 1947 and 1948, and, in 1941, was a member of the Council of The 
American Society of Naval Engineers, which he joined in 1915. -. 
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Rear Admiral (Engineer) 
George Wilson Cairnes, USCG, 
retired, a 50 year member of 
the Society has been claimed 
by death. 


Admiral Cairnes joined the 
Society in 1908 and remained a 
member until his death. He 
was among those few who had 
attained the 50 year member- 
ship mark and had been de- 
clared a Life Member by the 


Council. 


Admiral Cairnes was born in Maryland on 26 July 1882 and in 1903 graduated 
from the Maryland Agricultural College (later the University of Maryland) with a 
degree in engineering. He entered the Revenue Cutter Service Academy at Curtis 
Bay, Maryland in 1906 and graduated from there with the class of 1907 as an engi- 
neer. In 1915 when the Revenue Service became part of the Coast Guard, he became 


an officer of this service. 


He was retired on 1 August 1946, having reached the statutory retirement age, 
with the rank of Rear Admiral (Engineer) U. S. Coast Guard. During his 40 years 
of active duty he served in several ships and stations in the Revenue Cutter Service 
and the Coast Guard. He served at sea during World War I and as District Engineer 
of the Ninth Coast Guard District at Cleveland, Ohio during World War II. 


Admiral Cairnes, after retirement lived in Towson, Maryland where he was ac- 
tive in the Baltimore and Ohio Glee Club and the Baltimore Exchange Club. He is f 
survived by his widow whom he married in 1910 and by three sons and eight grand- 
children. 


182 A.S.N.E. Journal, February 1960 


: 


BOOK REVIEWS AND NOTICES 


ELECTRONIC MOTORS & GENERATORS 
by E. T. G. Emery, F. Harrabin, B. C. Lee, 
J. H. R. Nixon, & E. T. A. Rapson 
Published in 1959 by Philosophical Library 
15 East 40th Street, New York 16, New York 


400 Illustrations 


384 pages 


$12.00 


Reviewed by 
Thomas E. Broderick 
Electrical Engineer with Department of the Navy, 
Bureau of Ships 


(The authors are a highly qualified group of chief engineers of leading British firms in 
the electrical engineering industry, and university and technical college lecturers.) 


With a clear style of writing and good illustrations 
the authors of this book have given us a lucid pic- 
ture of the designing, construction, operations, test- 
ing and maintenance of electric motors and genera- 
tors. 

The only area in which the book could be im- 
proved is the writers’ approach to persons outside 
the field of electrical engineering. They make a good 
beginning by referring the reader to a well-written 
appendix on the basic theory of electricity. But then 
in their first chapter, “How Motors and Generators 
Are Used,” they employ technical terms that are not 
explained until later chapters. It would have been 
better had the authors placed this chapter further 
back in the book after all of the technical informa- 
tion on motors and generators had been explained. 
Another aid to the general reader would be a glos- 
sary of terms for reference while reading. 


From the electrical engineer’s standpoint the book 
is well written. The writers start with the general 
principles of design and cover every pole, slot, nut 
and bolt down to preparing foundations for heavy 
bedplates. There is a very interesting discussion on 
slip-rings and brush gears in which the design of 
these components is explained. This is a small item 
in motors and generators but very important. Also, 
casing design and ventilation are presented more 
thoroughly than in most technical books. 

In addition to explanations of the design of mo- 
tors and generators, the book also has chapters on 
maintenance and testing and on auxiliaries required 
for motors and generators, such as starters and 


speed controls. 
All who read this book will obtain some benefit 
and knowledge from it. 
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MODERN ELECTRONIC COMPONENTS 
By G. W. A. Dummer 


Published in 1959 by Philosophical Library Inc. 
15 East 40th Street 
New York 16, New York 


467 pages of text and illustrations Price $15.00 
Reviewed by Harold M. Nordenberg, Head of Parts 
Unit, Electronic Division, Bureau of Ships, 
Washington 25, D.C. 


This book is intended for use by the circuit design 
engineer as an aid in the selection and application 
of the most suitable electronic part for a particular 
purpose. It attempts to catalog in a comprehensive 
manner the characteristics of the more commonly 
produced electronic parts now available in the 
United Kingdom. 

The book is organized into thirty-two chapters 
with a chapter for each electronic part family or 
specialized characteristic. The first four chapters 
are devoted to a brief resumé of the history of 
British electronic part development, electronic part 
specifications, color coding systems and circuit sym- 
bols. The following thirteen chapters cover specific 
electronic parts such as fixed resistors, variable re- 
sistors, fixed capacitors, variable capacitors, hookup 
wire, r.f. cable, plugs and sockets, relays, switches, 
inductors and magnetic materials, transformers and 
pulse modulators, batteries and miscellaneous 
parts. A single chapter covers future electronic part 
developments, with the last fourteen chapters de- 
voted to specialized environments, reliability, min- 
iature parts and packaging and testing of electronic 
parts. 


As a more detailed example, the individual chap- 
ter on Fixed Capacitors contains general informa- 
tion on dielectric materials, general characteristics 
of fixed capacitors and then specific information on 
paper, mica, ceramic, glass, plastic and oxide film 
dielectric capacitors. 


Mr. Dummer has put a considerable amount of 
valuable information on British electronic parts and 
their manufacturing processes in this volume. How- 
ever, coverage of such a broad and complex field in 
a single volume forces the author to be brief. For 
example, the last fourteen chapters on rather com- 
plex subjects consist of 123 pages. A comparable 
work has been published on American electronic 
components by the McGraw Hill Company which 
consists of three volumes titled, “TECHNIQUES 
FOR APPLICATION OF ELECTRONIC COMPO- 
NENT PARTS IN MILITARY EQUIPMENT.” 


The information contained in this volume due to 
its briefness and close relatedness to the United 
Kingdom design and production techniques is of 
limited value to the American circuit designer. 


FOURTH MIDWESTERN CONFERENCE ON SOLID MECHANICS 


Published in 1959 by 
The University of Texas 
Austin, Texas 


29 Papers 


This is a collection in book form of 29 papers 
which were presented at the Fourth Midwestern 
Conference on Solid Mechanics held at the Univer- 
sity of Texas in September of 1959. The Conference 
came into being in 1950 and has held meetings 
about every two years. The title of the conference 
refers to the location of meetings rather than to 
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authors and members, on whom there are no geo- 
graphic restrictions. Sponsorship was provided by 
many technical societies of national rank and repu- 
tation, and by several Government research organi- 
zations. 

In substance the papers encompass a wide variety 
of subjects within the general field of the mechan- 


( 
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ics of deformable solids. Except for an invited lec- 
ture on shell theory by L. H. Donnell, each of the 
papers presents a detailed treatment of a special 
topic. The volume may, therefore, have more inter- 
est for the research specialist than for the student 
or the designer. A categorical grouping of the pa- 
pers (evidently not considered worthwhile by the 
editors) finds the following general subjects repre- 
sented: 
Elasticity 
Plates, shells, sandwich elements 
stress analysis 
Buckling 
Vibrations 
Stresses around discontinuities 
Elastic waves, impact 
Strain rate effects 
Fracture 
Plasticity 
Theory of failure 
Limit design 
Plastic waves, impact 
Thermoelasticity 
Stress analysis 
Buckling 
Vibrations 
A miscellaneous category must be added for three 
papers that seem out of place in a collection pre- 
sumably intended to deal with deformable solids. 
The three subjects are 
Heat radiation 
Rigid body motion (rocket dynamics) 
Mathematical methods (related to heat conduc- 
tion and wave motion) 
Only a few of the papers deal with experimental 
work. The bulk of them are theoretical in nature 


and, in many instances, require the services of a 
high-speed computer if the results are to be put to 
practical use. In observing this preponderance of 
theoretical work no criticism is intended, for to do 
so would require the presumption to criticize the 
entire engineering mechanics profession whose cur- 
rent efforts are well represented within this volume. 

Compilations of this sort must necessarily lack 
the continuity normally found in textbooks and 
treatises. While this situation can often be alleviat- 
ed by formal grouping under various common sub- 
jects, it has not been done in this volume. The order 
of appearance of the articles seems to be without 
plan which, while not a serious defect, leaves one 
with the impression (certainly unfounded) that the 
Conference itself was without purpose or direction. 
This effect is enhanced by the lack of uniformity of 
type and format. Since the book was reproduced by 
an offset process of high quality, each paper appears 
in its original form with its own style of type, fig- 
ures, and symbols. This, however, does not detract 
seriously from the merits of the book. Moreover, 
each paper thereby maintains it’s individuality. 

More serious, perhaps, is the question of what 
function a volume of this type serves. Most certain- 
ly it should find a place in technical libraries. How- 
ever, the reader who is interested in one or two 
articles may hesitate to purchase a large hard-bound 
volume containing much material in which he has 
no interest. It is probable that these papers would 
receive far greater circulation were they to appear 
separately in some of the regularly published scien- 
tific journals. Many readers will undoubtedly be in- 
terested in acquiring preprints of individual papers. 
It is, therefore, unfortunate that the volume pro- 
vides no information as to how they can be ob- 
tained. 


BOOKS RECEIVED 


“The Ice Was All Between” by T. A. Irvine, 
LCDR, Royal Canadian Navy; published in 1959 by 
Longwans, Green and Company, 55 Fifth Ave., New 
York 3, 216 pages 

“Dictionary of Atomic Terminology” edited by 
Lore Lettenmeyer; published in 1959 by Philosophi- 
cal Library, Inc., 15 East 40th St., New York 16, 
298 pages, $6.00 

“Properties of Matter” (Third edition—1959) by 
F. C. Champion, University of London and N. Day, 
University of Nottingham; published by Philosophi- 
cal Library, Inc., 15 East 40 Street, New York 16, 
334 pages, $10.00 

“Chemistry of Nuclear Power” by J. K. Dawson 


and G. Long, of the Reactor Chemistry Group, 
A.E.R.E., Harwell, England; published in 1959 by 
Philosophical Library, Inc., 15 East 40th Street, 
New York 16, 208 pages, $10.00 
“Nuclear Ship Propulsion” by Holmes F. Crouch, 

Commander, U. S. Coast Guard Reserve; published 
in 1960 by Cornell Maritime Press, Cambridge, 
Maryland, 347 pages, $10.00 

- “Surveyor of the Sea: The Life and Voyages of 
Captain George Vancouver” by Bern Anderson, 
Rear Admiral, U. S. Navy (Ret.); published in 1960 
by the University of Washington Press, Seattle, 
Washington, 274 pages, $6.75 
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CHANGES IN MEMBERSHIP 


NAVAL 


Avallone, Eugene Michael, LT, USN 
Mail: 27 Mott Street, Arlington, Mass. 


Bacon, John A., Jr., LT, USNR 
Thompson RAMO Wooldridge Inc., 
7209 Platt Avenue, Cleveland, Ohio 
Mail: 3072 Scarborough Road, 
Cleveland Heights 18, Ohio 


Biegel, Elmer C., LT, USNR 
Engineer, Fairchild Semiconductor Corp. 
27 Jordan Street, San Rafael, Calif. 


Bodnaruk, Andrew, CDR, USN 
U. S. Naval Ship Repair Facility, Navy #3002, 
Box 34, c’o FPO, San Francisco, Calif. 


Bradley, Richard Rumel, Jr., CAPT, USN 
Mail: Code 450, Bureau of Ships 
Navy Dept., Washington 25, D. C. 


Carr, Joseph Willard, LT, USNR-R 
Marine Engineer, Navy Installations, Product 
Service MSTG & G Dept., General Electric Co. 
1100 Western Avenue, West Lynn, Mass. 


Cross, Robert K. 
Corporate Representative, 
American Bosch Arma Corp. 
Mail: 23 Brompton Road, Merrick, L.I., N.Y. 


Darius, Henry Anthony, Jr., LTJG, USN 
Main Propulsion Assistant & Pros. Engineer 
Officer, USS Fletcher (DDE-445) 
Mail: 223 5th Street, NHA #1, Honolulu, Hawaii 


Day, Walter deForest, CDR, USN 
Mail: 3028 Midvale Avenue, Philadelphia, Pa. 


Dress, George Kingsbury, CDR, USN 
OPNAV (OPO4A), Navy Department, 
Washington 25, D.C. 


Duncan, Joseph M., LCDR, USNR (Ret) 
Manager, Industries Group Sales, 
Allis-Chalmers Mfg. Co. 

724 Wyatt Bldg., Washington 5, D. C. 


Edwards, Thomas Gambrell, Jr., LT, USNR 
Assistant Engineer, Allis-Chalmers Mfg. Co. 
Mail: 13603 Green Meadow Drive, 
Waukesha, Wisconsin 


Gilchrist, Norman S., CAPT, USNR 
Inspector of Naval Material, 
1130 Route 22, Mountainside, New Jersey 
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ADDITIONS TO MEMBERSHIP 


The Society announces with pleasure that the fol- 
lowing have joined its ranks since the publication of 
the November 1959 issue of the JouRNAL. 


Glass, Charles Bertram, LT, USCG 
U.S. Coast Guard Base, Foot of Mt. Elliott Ave. 
Detroit 7, Mich. 


Gugler, Allen Julius, CDR, USNR 
Sales Representative, Sperry Gyroscope 
Sperry Rand Corp. 
Mail: West Hills Road, R.D. #2, 
Huntington, L.I., N. Y. 


Hahs, Orrie Andrew, LCDR, USN 
Underwater Sound Lab., Ft. Trumball, 
New London, Conn. 

Mail: 304 Lestertown Road, Groton, Conn. 


Hawk, Allan Holmes, LTJG, USN 
USS Sirago (SS485) 
c/o FPO, New York, N.Y. 


Henry, Zachary Adolphus, LT., USNR 
Graduate Research Assistant, 
N. C. State College, Raleigh, N. C. 
Mail: P.O. Box 5906, Raleigh, N. C. 


Jones, Stuart Carlisle, CAPT, USN 
Mail: 5500 11th Road, North, Arlington, Va. 


Karl, Richard Louis, CAPT, USN 
Design Superintendent, 
Charleston Naval Shipyard 
Mail: Qtrs. HH, U.S. Naval Base, 
Charleston, S. C. 


McArthur, John Chester, LT, USN 
Mail: 111 Willow Street, Salinas, Calif. 


McCabe, James Edward, CDR, USN (Ret) 
General Foreman, Installation & Maintenance 
Section, AIW Project, Westinghouse Corp., 
Atomic Power Division, Idaho Falls, Idaho 
Mail: 1322 Ninth Street, Idaho Falls, Idaho 


McNamara, William, LT, USNR 
Nuclear Ship Propulsion Appl., 
General Electric Co. 
Mail: 713 Crystal Drive, Pittsburgh 34, Pa. 


Maher, James Joseph, Jr., LT, USNR 
Sales Engineer, General Electric Co. 
777-14th Street, N.W., Washington, D. C. 


Mann, Charles Clark, RADM, USN (Ret) 
Manager, Washington Office, 
RCA Laboratories, Princeton, N. J. 
Mail: RCA, 1625 K Street, N.W., 
Washington, D. C. 
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Morrison, Robert McKay, LT, USN 
Mail: USS Bang (SS-385) 
c/o FPO, New York, N. Y. 


Nelson, Perry Waldemar, LCDR, USN 
Mail: 9908 Pomona Drive, Bethesda, Md. 


Price, Robert Ira, LCDR, USCG 
Mail: U.S. Coast Guard Headquarters, 
Washington, D. C. 


Radford, James Croxton, CAPT, USN 
Mail: 5415 Connecticut Avenue, N. W., 
Washington 15, D. C. 


Reader, Donald Albin, CDR, USN 


Senior Assistant SupShips, San Francisco, Calif. 


Mail: Qtrs. H, San Francisco Naval Shipyard, 
San Francisco, Calif. 


Schab, Henry William, LCDR, USNR 
Senior Project Engineer, USN Engineering 
Experiment Station, Annapolis, Md. 
Mail: 723 Melrose Street, Annapolis, Md. 


Schantz, Edwin Hillegas, CAPT, USN 


Mail: N.B.T.L., Naval Base, Philadelphia 12, Pa. 


Schreiner, Robert George, LCDR, USNR-R 
Manager, Market Planning, 
American Standard-Industrial Division 
Mail: 3215 Wendover Road, Birmingham, Mich. 


Soracco, David Louis, LT, USN 
Mail: Charleston Naval Shipyard, 
Charleston, S. C. 


Taylor, Frank William, CAPT, USN 
Mail: 5007 Worthington Drive, 
Washington 16, D. C. 


Vladessa, Philip, LT, USNR 
Marine Representative, Texaco, Inc., 
205 East 42nd Street, New York, N. Y. 
Mail: 20 Walker Street, Malverne, N. Y. 


Wagler, Simon R., LT, USNR 
Corporate Representative, 


American Bosch Arma Corp., Garden City, N. Y. 


Mail: 109 Manchester Street, 
Westbury, L.I., New York 


Witter, Robert William, LT, USCG 
Mail: USCGC Chautauqua (WPG-41) 
c/o FPO, San Francisco, Calif. 


CIVIL 


Anderson, Ralph Edward, 


Program Administrator, Water Demineralization 


Equipment Missile & Space Vehicle Dept. 
General Electric Co., Burlington, Vermont 


Barker, Harlow J. 
Project Engineer, American-Standard, 
100 Morse Street, Norwood, Mass. 


Biemans, Anthony Peter 
Naval Architect, Bureau of Ships, 
Navy Dept., Washington 25, D. C. 
Mail: 3939 Livingston Street, N. W., 
Washington 15, D. C. 


Blumenstock, Norman R. 
Projects Manager, Reeves Instrument Corp. 
Mail: 44-05 Macnish Street, Elmhurst, L. I., N. Y. 


Bradshaw, George Verlan, Jr. 
Tech. Director, 
Systems Application-Project PANGLOSS, 
RCA Laboratories, Princeton, N. J. 


Carpenter, M. Bruce 
Corporate Representative, 
American Bosch Arma Corp., 
1000 Connecticut Avenue, N. W., 
Washington 6, D. C. 


Corlett, Ewan C. B., Dr. 
Managing Director, 
Naval Architectural Consultant 
Mail: Worting House, Worting Hants, England 


Costigan, James T. 
Eastern Manager, The Sharples Corp., 
501 Fifth Avenue, New York 17, N. Y. 


Dance, Stuart L. 
Manager, Marketing Representative, 
Airborne Systems Division, RCA 
Mail: RCA, 1625 K Street, N. W., 
Washington 6, D. C. 


Eames, Michael Curtis 
Chief Naval Architect, 
Cleveland Pneumatic Industries, Inc. 
(Systems Engineering Division) 
1626 “L.” St., N. W., Washington, D. C. 


Gilbert, Alexander 
Manager, Washington Office, 
American Bosch Arma Corp., 
1000 Connecticut Avenue, N.W.. 
Suite 401, Washington 6, D. C. 


Gill, Paul George 
American Bosch Arma Corp., 
320 Fulton Avenue, Hempstead, N. Y. 
Mail: Christian Avenue, Stony Brook, N. Y. 


Goldmann, Herbert M., Jr. 
Corporate Representative, Marketing Dept., 
American Bosch Arma Corp., Roosevelt Field, 
Garden City, New York 


Grohe, Lester Robert 
Chief Engineer, Military Products, 
Division of American Standard 
100 Morse Street, Norwood, Mass. 


Handlesman, Morris 
Advanced Military Systems, 
RCA, Princeton, N. J. 


AS.N.E. Journal, February 1960 187 


| 
ay 
| 
| 
| 
| 


CHANGES IN MEMBERSHIP 


Holmes, David Dunlap 
Research Director, RCA Laboratories, 
Rocky Point, L.L, N. Y. 


Kimball, John Jasper, Jr. 
Tech. Rep. Div., Philco Corp. 
Mail: 416 Southwest Drive, Silver Spring, Md. 


Kinnally, John W. 
Director, Plans Program, 
Tech. Rep. Div., Philco Corp. 
1707 H Street, N. W., Washington 6, D. C. 


Klein, Edmund Alfred 
Supervisor, Marine & Military Systems Engrg., 
Denison Engineering Div., 
American Brake Shoe Co., Columbus 16, Ohio 


Kramer, Max Otto, Dr. 
Vice President, Coleman-Kramer Co. 
Mail: 330 Bellino Drive, Pacific Palisades, Calif. 


Mahoney, Thomas R. 
Product Application Manager, Kearfott Co., Inc. 
Mail: 16 Stonehenge Rd., Upper Montclair, N. J. 


Maybach, Gerald Edward 
Chief Design Engineer, 
Gould-National Batteries, Inc. 
2630 University Avenue, S. E., 
Minneapolis 14, Minn. 


Quisenberry, John N. 
President, Horne Bros., Inc. 
Mail: 2408 River Road, Newport News, Va. 


Richards, Amyle P. 
Assistant Head Engineer, 
Sonar Branch, Bureau of Ships 
Mail: 9427 Seven Locks Road, Bethesda, Md. 


Rutz, Fred August 
Assistant Director, Marketing, 
American Bosch Arma Corp. 
Mail: 58-24 198th Street, Flushing 65, N. Y. 


Seganish, Daniel, Jr. 
General Engineer, Submarine Branch, 
Bureau of Ships, Navy Dept. 
Mail: 1018 S. Quebec Street, Apt. #8, 
Arlington 4, Va. 


Welch, William Pressley 
Manager, Marine Gearing Section, 
Westinghouse Electric Corp. 
Philadelphia 13, Pa., Lester P. O. 


Wilson, France Q. 
Manager, Turbine Sales, Solar Aircraft Co. 
Mail: 164 Lansdale Lane, El Cajon, Calif. 


ASSOCIATE 
Allison, John Edwin 
Special Representative, Philco Corp. 
Mail: 5006 McNeer Street, McLean, Virginia 
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Duffy, John Joseph 
Sales Engineer, Engelhard Industries, Inc. 
Mail: Radio Bldg., Room 301, 
2030 N. 16th Street, Arlington, Va. 


Durham, Eugene E. 
New York District Manager, 
Cutler-Hammer, Inc. 
8 West 40th Street, New York, N. Y. 


Firchow, Kenneth Glenn 
Branch Manager, Cutler-Hammer, Inc. 
13 E. Franklin Street, Richmond, Virginia 


Gans, Wade H. 
Business Manager, Tech. Rep. Div., Philco Corp. 
Mail: P.O. Box 4730, Philadelphia 34, Penna. 


Hamilton, John M. 
Sales Engineer, Cutler-Hammer, Inc. 
315 Sherman Avenue, Newark 5, N. J. 


Kelly, Thomas Francis 
Sales Representative, Sperry Gyroscope Co., 
Great Neck, L.I., N.Y. 
Mail: 6 Boxwood Court, Huntington, L.I., N.Y. 


Lackey, Lacy G. 
Marine Representative, 
The Ohio Injector Co., P. O. Box 11244 
Charlotte 9, N. C. 


McConnell, Brian Patrick, CDR, R.N. 
Staff Engineer Officer, B.J.S.M. 
Mail: British Joint Services Mission 

(Navy Staff), Main Navy Bldg., 
Washington 25, D. C. 


McEnary, William 
Washington Representative, 
Caterpillar Tractor Co., 918 16th Street, N. W., 
#300 World Center Bldg., Washington 6, D. C. 


Palmer, William Bernard 
Sales Engineer, Exide Industrial Division, 
Electric Storage Battery Co., 
4000 Albemarle Street, N.W., 
Washington 16, D. C. 
Mail: 614 Northampton Drive, 
Silver Spring, Md. 


Rolf, Edward D. 
Engineering Representative, 
Automatic Electric Sales Corp. 
804 South Columbus Street, Alexandria, Va. 


Roth, Fred W. 
Vice President, Industrial Operations, 
Gould-National Batteries, Inc., 
E1201-First National Bank Bldg., 
St. Paul, Minn. 


Wellinger, David 
Leader, Technical Staff, Missile Electronics & 
Controls Div., RCA, P.O. Box 588, 
Burlington, Mass. 


Wilson, Robert P. 
Manager, Government Equipment Sales, 
Western Electric Co., Inc. 
120 Broadway, New York 5, N. Y. 


REINSTATED 

Miller, Bruce Alan, LT, USN .............. Naval 

TRANSFERRED 


ASSOCIATE TO CIVIL 
Ellis, Bruce William Manzolillo, James L. 


RESIGNATIONS 
Applegarth, Samuel H., LT, USN ........... Naval 
Aldridge, Eugene T., CAPT, USN ..........Naval 
Averill, Roy, CDR, USNR-Ret ............. Naval 
Branan, Virgil C., CDR, USNR ............. Naval 
Bosh, Hosece P. ....... Civil 
Carr, James E., LT, USNR (Ret) .......... Naval 
Crampton, D. K., LCDR, USNR ............ Naval 
Crecca, John D., CAPT, USN (Ret) ........ Naval 
Dana, Marshall M., CAPT, USN (Ret) ..... Naval 


Civil 
Duval, Joseph B., Jr., CAPT, USN (Ret) ...Naval 
Eldredge, R. M., CDR, USNR .... ........ Naval 
Feder, Joseph B., CAPT, USCG (Ret) ...... Naval 
Gessner, Frank R., Jr., LT, USNR .......... Naval 
Gingrich, John E., ADM, USN (Ret) ...... Naval 
Goldman, Robert B., RADM, USN (Ret) ...Naval 
Associate 
Hushion, John K., LT, UGNR .............. Naval 
Kitts, Willard A.. VADM, USN (Ret) ...... Naval 
Lawler, Casimir E., LTJG, USN ........... Naval 
Leach, Everett N., LT, USN ............... Naval 
Lochridge, Joe C., LT, USNR .............. Naval 
Maccoun, William E., Jr.. LCDR, USNR ....Naval 
Mather, Paul L., RADM, USN (Ret) ....... Naval 
' Mathews, Mitchell D., RADM, USN (Ret) ..Naval 
Miles, Milton E., RADM, USN ............. Naval 
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Molis, Edward W., LT, USN ...............- Naval Civil 
Noble, Albert G., ADM, USN (Ret) ........ Naval Associate 

Warren, Richard L., LCDR, USN .......... Naval 

Peck, Joseph F., LCDR, USN (Ret) ....... Naval 
Watson, Peter J., LT, USNR ............... Naval 

Weisbecker, Alfred J..CDR, USN .......... Naval 


Binns, Jack 

Cairnes, George W., RADM, USCG (Ret) . 
Clark, Charles R. . - 

Cochrane, E. L., VADM, USN (Ret) 
Ferman, W. E. 


Hill, James P. 

Hughes, Charles H 

Loewy, Erwin 

Mills, A. P., LCDR, USNR 

Thayer, Horace 

Lord Weir of Eastwood Associate 
Wilkinson, Edwin R., RADM, USN (Ret) . . . . Naval 


DROPPED FROM ROLLS 


We regret exceedingly to report that in accordance with the By-Laws it was necessary to 
drop 130 members from our rolls on 31 December 1959 because of arrearage of one years dues. 
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ORIGINAL ARTICLES 


The editor of the JourRNAL is most anxious to obtain manuscripts of original 
articles on subjects of interest to naval engineers. Any manuscript accepted for 
publication becomes the property of the Society which copyrights it upon pub- 
lication. Authors are paid from $50.00 to $250.00 depending upon length, interest 
and professional value. Payment is made at time of acceptance. 


The rules for manuscripts are as simple as we can make them. 


1. They must be legible (typewritten, double-spaced preferred) since no 
proof is submitted to authors for correction prior to printing. 


2. Single copy only is required. 


3. Mathematical formulae used must be set up, preferably by hand printing, 
so that there can be no question as to symbols, subscripts and exponents. 


4, Any drawing submitted must be black on white. A cloth or paper tracing 
is acceptable but not required. 


5. Photographs may be negatives, but glossy prints are acceptable. 


6. Include on a separate page a short biographical sketch(es) of the au- 
thor(s). 50 to 100 words for each author is desired. 


Manuscripts should be addressed to: 


Secretary-Treasurer 

American Society of Naval Engineers, Inc. 
1012 14th St. N.W. 

Washington 5, D.C. 


Each author who is subject to the Security Regulations of the Department of 
Defense, is personally responsible for the clearance of an original article before 
submitting it to the Society for consideration. In forwarding manuscripts, a 
statement in this regard should be included. 


Manuscripts accepted will not be returned unless specifically requested by 
the author. If returned, they will be in the condition which has resulted from 
the work of the printer and the engraver. Immediately following publication, 
the author is furnished 20 reprint copies of his article free of charge. Additional 
copies may be purchased from the Society if the request is received 30 days 
prior to the publication date which is the 25th of the issue month. Estimate of 
cost of additional reprints, which will vary with the nature of the article and 
the number of copies ordered, will be furnished on request as soon as possible 
after the article is set up. 


Manuscripts not accepted will be returned, postpaid, by the Society. 


Manuscripts which are accepted will be published in the earliest JouRNAL 
which has not yet been closed (60 days before publication) and for which suf- 
ficient material is not already onhand. — 
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PHOTOGRAPHS 


Photographs of current or historical interest to readers of the JOURNAL are 
desired. Any which are accepted by the Society will be purchased by the Society 
at a standard price of $5.00 each. Such purchase will not include any copyright 
by the Society, but the contributor must hold the Society free from any charge 
of violation of any previous copyright. 


NOTICE OF DEATHS 


The Society has no satisfactory machinery for obtaining notice of deaths of 
members. It is particularly desired that we receive such notice upon the death 
of any past officer, past member of the Council or member of more than twenty 
years’ standing with photographs and short obituaries. It will be appreciated 
greatly if any member who learns of the death of a member will advise the 
Secretary-Treasurer. 


COPIES OF JOURNALS 


The Society has made arrangements with the Johnson Reprint Corp. to 
be our sole representative for the sale of copies or reproductions of any 
Journals or parts of Journals which were printed prior to 1951. Any requests 
or inquiries which are received by the Society for these will be forwarded 
without any action by us. 

When making inquiries as to the procurement of or orders for copies or 
portions of any Journal from Volume 1 (1889) through Volume 62 (1950) 
please address 

Johnson Reprint Corp. 
111 5th Avenue, New York, N.Y. 


For Volume 63 (1951) and later address the Society. 


PERMISSION TO REPRINT 


All material published in the Journat, except the articles which are prefaced 
with an “Acknowledgement,” are copyrighted by the American Society of 
Naval Engineers. 

Permission is granted to reprint any copyrighted material contained herein 
if the following conditions are met: 

a) The article is reprinted in full. Extracts or summaries or condensations 
may be printed with the consent of the author. 

b) Credit is given to the JournaL with reference to the issue. 

c) Credit is given to the author. 

d) If the author is a military officer or a civilian employee of the Depart- 
ment of Defense, the following note shall be carried: 

“The views expressed herein are the personal opinions of the author and are 
not necessarily the official views of the Department of Defense or of a Military 
Department.” 
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ASNE FINANCIAL STATEMENTS 1959 


STATEMENT OF INCOME AND EXPENDITURES 


EXPENDITURES 
Publication 
Commission & Discount 2,411.00 
$67,305.54 
INCOME 
Publication: 
Payment collected on sale previously charged off ..... 216.00 
Sales tax refund on 1954 banquet favor .............. 94.86 
AGF Special Retirement Fund ...................... 264.03 77,212.40 
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ASNE FINANCIAL STATEMENT 1959 
BALANCE STATEMENT 


Assets December 31, 1959 
Accounts Receivable: 
Investments: 
First Federal Savings & Loan .................. 10,000.00 
Equitable Savings & Loan ...................4.- 10,000.00 
Northwestern Fed. Savings & Loan .............. 5,000.00 
Enterprise Savings & Loan ...................-. 5,000.00 
Columbia Savings & Loan ...................005 5,000.00 
Washington Gas Light Co. Bonds ............... 997.50 
U.S. Defense Bonds Series K ..................- 5,000.00 60,997.50 
Manuscripts Paid in Advance ...................206- 2,715.00 
Die for ASNE Annual Award ....................4. 102.50 
Engraving Paid in Advance ......................5: 410.96 
74,182.88 
Liabilities (Accounting Only) 
Advertisements Paid in Advance ............... 161.70 
Subscriptions Paid in Advance ................. 16,295.94 —17,198.14 56,984.74 


Respectfully submitted 


s/J. E. Hamitton, Secretary-Treasurer 
Audited and Found Correct 26 January 1960 


s/GILBERT S. FRANKEL 


s/JOHN J. FEE Audit Committee 
s/DoNALD E. REDMON 


Securities in Society’s safe deposit box at American Security and Trust Company, Washington, D.C., 
examined and found as reported herein. 


s/GitBert S. FRANKEL 
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APPLICATION FOR MEMBERSHIP 


IN THE AMERICAN SOCIETY OF NAVAL ENGINEERS, INC. 
(See reverse side for required qualifications for various classes of membership) 


Date 

I, hereby apply for membership 
in the American Society of Naval Engineers, Inc., and enclose $10.00 as my an- 
nual membership dues for the year _______ $8.00 of which is for a subscrip- 


tion to the JoURNAL OF THE AMERICAN Society or Navat ENGINEERS, INc., for 
one year. I submit the following information: 


For Naval Membership 


Name 


(First) (Middle) (Last) 
Rank File No. 


Business connection and position, if any 


For Civil Membership 


Name 


(First) (Middle) (Last) 
Years in engineering work 


Years in responsible charge of important work 


Present business connection and position 


Recommended by (two members) 


For Associate Membership 


Name 


(First) (Middle) (Last) 


Rank, if Commissioned Officer of U.S. Army 
or of foreign military or Naval service 


Business connection and position 


Recommended by (one member) 


Signature of Applicant 
Address for JouRNAL and Mail 


MAIL TO SECRETARY-TREASURER 
THe AMERICAN Society oF NAVAL ENGINEERS, INC. 
Suite 403, Continental Building 
1012 14th St., N.W. Washington 5, D.C. 
Company Memberships Not Available 
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QUALIFICATION FOR MEMBERSHIP 


Commissioned and ex-commissioned officers, warrant and ex-warrant officers, 
and reserve (commissioned and warrant) officers of the Navy, Coast Guard and 
Marine Corps, of the United States, active or retired, shall be eligible as Naval 
Members. Persons eligible as Naval Members shall be admitted upon application 
and payment of annual dues. 


Persons in civil life whose knowledge of engineering is such that they can co- 
operate with Naval engineers in the promotion of professional knowledge may be 
eligible as Civil Members. They shall have been in the active practice of an engi- 
neering profession for at least eight years and in responsible charge of important 
work for five years, and shall be qualified to design as well as to direct engineering 
work. Fulfilling the duties of a professor of engineering who is in charge of a de- 
partment in a college or school of accepted standing shall be taken as an equivalent 
to an equal number of years of active practice. Graduation from a school of engi- 
neering of recognized standing shall be considered as equivalent to two years of 
active practice. Persons eligible as Civil Members may be admitted upon applica- 
tion and payment of annual dues, provided that the application is accompanied by 
the recommendation of two members and provided that the application shall receive 
the approval of a majority of the Council. 


Persons in civil life who are not eligible for civil membership, but who are espe- 
cially interested in naval matters or the merchant marine may be eligible as Asso- 
ciate Members. Commissioned officers of the United States Army, United States Air 
Force and of foreign military and naval services may be eligible as associate mem- 
bers. Persons eligible to associate membership may be admitted upon application 
and payment of annual dues, provided the application has the recommendation of a 
member and provided the application shall receive the approval of a majority of the 
Council, except that in the case of commissioned officers of the United States Army, 
of the United States Air Force, and of foreign naval and military services, the rec- 
ommendation of a member will not be required. 


Undergraduates at schools to be named by and under regulations to be issued by 
the Council shall be admitted as Junior Members at one-half the dues of regular 
members during their course and for one year following graduation, after which 
time junior membership will be terminated, the member to have the privilege of 
transferring to regular membership in the appropriate category. 


Associate and Junior Members shall be entitled to all the privileges of other mem- 
bers except voting and holding office. 


The annual dues shall be $10.00, payable on 1 January in advance, of which $8.00 
shall be for subscription to the JOURNAL of the American Society of Naval Engi- 
neers, Inc., for one year. 


COMPANY MEMBERSHIPS NOT AVAILABLE 
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Secretaries of the 
AMERICAN SOCIETY OF NAVAL ENGINEERS, INC. 


Captain J. E. Hamilton, U. S. Navy Retired, Secretary-Treasurer 
Commander Charles N. Payne, U.S.N., Assistant Secretary-Treasurer 


P. A. Engineer R. S. Griffin, U. 8. Navy 


1889 
1890 §6© Assistant Engineer W. M. McFarland, U.S. Navy 
1891 


Assistant Engineer Emil Theiss, U. S. Navy 
1892-93 P. A. Engineer W. M. McFarland, U. S. Navy 
1894-95 P. A. Engineer R. S. Griffin, U.S. Navy 
1896-87 P. A. Engineer F.C. Bieg, U. S. Navy 
P. A. Engineer W. M. McFarland, U. S. Navy 


Chief Engineer A. B. Willits, U. S. Navy 
Lt. Cmdr. A. B. Willits, U. S. Navy 


Lieutenant B. C. Bryan, U.S. Navy 
Lieutenant C. W. Dyson, U. S. Navy 
Lt. Cmdr. John R. Edwards, U.S. Navy 
Lieutenant M. E. Reed, U.S. Navy 
Lieutenant W. W. White, U. S. Navy 
Lieutenant C. K. Mallory, U.S. Navy 
1907-08 Lt. Comdr. T. C. Fenton, U.S. Navy 
1906-10 Lieutenant H. C. Dinger, U. S. Navy 


Commander U. T. Holmes, U.S. Navy 
Lieutenant John Halligan, U. S. Navy 
Lt. Comdr. E. L. Bennett, U. S. Navy 
Lieutenant O. L. Cox, U.S. Navy 


Lt. Comdr. H. C. Dinger, U. 8S. Navy 


Past Secretaries 


1915-16 Lieutenant A.T. Church, U.S. Navy 

1917 Lt. Comdr. J. O. Richardson, U. S. Navy 
1917-19 Lt. Comdr. F. W. Sterling, U. S. Navy 
1919-21 Commander J. S. Evans, U. S. Navy 
1921-23 Commander S. M. Robinson, U. S. Navy 
1924-25 Commander Bryson Bruee, U, S. Navy 
1926 Commander A. M. Charlton, U.S. Navy 
1927-28 Commander H. B. Hird, U. S. Navy 
1928 Captain O. L. Cox, U. S. Navy 

1929-30 Commander H. T. Smith, U.S. Navy 

1931 Captain O. L. Cox, U.S, Navy 

1932 Commander H. F. D. Davis, U.S. Navy 
1933-34 Commander H. B. Hird, U.S. Navy 
1935-36 Commander C. S. Gillette, U. S. Navy 
1936-38 Commander Roger W. Paine, U. 8. Navy 
1938-40 Lt. Comdr. Guy Chadwick, U. 8. Navy 
1940-44 Captain J. E. Hamilton, U.S. Navy 

1945 Commander R. T. Sutherland, Jr., U. 8. Navy 
1945-48 Captain F. W. Walton, U.S. Navy 


1948-51 Captain J. E. Hamilton, U. 8. Navy 


Past Assistant Secretaries 


1939-40 Lieutenant Milo B. Williams (C.C.) U. S. Navy 
1941-44 Lt. Comdr. Robert T. Sutherland, Jr., U.S. Navy 


145 Captain F. W. Walton, US. Navy 


1945-47 Commander Floyd B. Schultz, U.S. Navy 
1947-49 Commander C. H. Meigs, U. S. Navy 
1949-50 Commander Frank C. Jones, U. 8. Navy 
1951-59 Captain Robert B. Madden, USN. 


Clerk and Administrative Assistant 


1908-58 Mr. Arthur G. Fessenden 
1958- Miss Rath M. Leonard 
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